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FOREWORD

TopAY scientific research is recognized as being of basic importance for
human welfare and culture. Every field of human activities is now the
subject of research, supported by increasing financial help from govern-
mental and private sources. Science is fundamentally international,
since new facts discovered in one country are always in one way or
another interesting for the rest of the world. As a consequence thereof
scientists have to keep in close contact with colleagues in foreign countries
by working in their institutes for shorter or longer periods, or by attending
symposia and congresses.

The Wenner-Gren Center Foundation is intended to promote research in
two ways.

1. Scientists from different countries are invited to attend symposia
arranged by the Foundation. This is nowadays felt to be the most effective
way of stimulating exchange of ideas between specialists in a limited
research field. However, it should be noticed that the Foundation is
bound to support all branches of scientific research without preference
for any particular faculty. Natural sciences and humanities with all their
ramifications are equally welcome.

2. Hundreds of research workers, most of them in the most productive
period of their lives, are coming to Stockholm every year, holding fellow-
ships from all over the world. It was felt that offering in a new form
facilities fuor contacts between these our guests would create an extra-
ordinary opportunity for promoting intellectual and personal international
friendshi; and closer relations. In addition, it was considered important
to give them the chance of meeting Swedish colleagues and of learning
about our culture and way of living.

This was the reason why the late Dr. Axel Wenner-Gren, a well-known
benefactor to science for 25 years, gave the initial capital for building
the Wenner-Gren Center, and the Swedish Government generously
contributed by giving a building-site to the Foundation. This is ideally
situated in beautiful surroundings with practically all the important
scientific institutions of Stockholm within a radius of one English mile.

At the present time two buildings are ready and in use for one year.
The 25-storey building (the “ Pylon *’) contains offices for many Swedish
scientific authorities and organizations—The University Chancellor, State
Research Councils, some institutions of Stockholm University, the Swedish
Chemical Society and others. The ““ Helicon ” in 4 storeys, over 300 yards
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vi FOREWORD

long, offers fully furnished flats from 1 to 6 rooms with kitchen to about
120 foreign research workers with families. At the present time people
from 30 countries are living in the Helicon.

A third building is now being planned for a restaurant, lecture rooms
and facilities for scientific and social colloquia of foreign guests and
Swedish scientists. Such activities were started in January 1962 im-
mediately after H.M. the King had graciously inaugurated the Wenner-
Gren Center. Our guests meet twice a month for scientific or cultural
lectures, and sometimes for concerts or other forms of entertainment.
The large number of children in the Helicon play their role as catalysts
of acquaintance and friendship between the families.

The two aims of the Foundation would at first sight seem to be rather
disparate. But this is not the case: in fact they are complementary.
International symposia on the highest level for research workers in a narrow
field serve specialization, which in view of the rapidly growing amount of
knowledge in all fields of science is nowadays inevitable as one of the
absolute prerequisites for progress. Specialization, however, has an
inherent danger, when driven too far, of isolating scientists to the point
where they cannot understand the language of research workers even in
closely related fields. The second aim of the Foundation, to bring
scientists in all fields and from many countries together under the same
roof is likely to counteract these undesirable effects of specialization, to
broaden their knowledge and outlook on science, to initiate and strengthen
international friendship.

With deep satisfaction we now witness our first international symposium,
on “ Olfaction and Taste 7, taking place in the Wenner-Gren Center
Foundation. We sincerely hope it is going to be successful in stimulating
further research in a field so closely connected with some of the mental
sources of human happiness. We also hope it will be followed by many
others in days to come.

f )
HuGo THEORELL, N.P.

President of the Board of
Wenner-Gren Center Foundation



LorRD ADRIAN



OPENING ADDRESS

LorRD ADRIAN

I know you would all like me to begin by thanking Professor Zotterman,
my old friend Yngve, and the Wenner-Gren Center Foundation for inviting
us to this Symposium. It is a great privilege for all of us and a particular
pleasure for the very few who are old enough to have made our first visit
to Stockholm for the Physiological Congress in 1926. That meeting has
always been a shining example of what an international congress can be
like when it has charming hosts, a beautiful city to stay in, and not too
many communications to listen to.

All these conditions are satisfied at the meeting we are at now and we
can expect to go away as we did in 1926 feeling that we had learnt a great
deal about our subject in spite of having so much to enjoy outside it.

But our subject has reached the right stage for serious discussion and
we must get down to it. It concerns fundamental problems where physio-
logy and psychology meet : in fact we are in one of those borderlands
which are the most fertile regions for the scientific advance.

The physiology of sensation began by comparing the stimulus with the
sensory experience in man. It has now been enlarged to take in the inter-
vening events, the molecular changes in the receptors and the transmission
of information from them to the brain. We have to decide how the events
in the environment excite the receptors and how the information is con-
veyed when it must show not only the intensity and time course and
localization of the stimulus but the special characters which reveal its
origin. The information must contain enough data to make the animal
react differentially to stimuli which are of the same type and differ only in
some specific quality ; and we are concerned at this meeting with a kind
of information where quality is extremely important, for we are dealing
with the sense organs which signal the quality of the air we breathe and
that of the food and drink we propose to swallow.

With the larger sense organs in vertebrates the general quality of the
stimulus would be indicated by the anatomical arrangement of the sensory
system which gives each organ a special pathway to the brain. Impulses
arriving by way of the optic nerve will imply a change of illumination
of the retina (and will produce a visual experience) and impulses in the
auditory nerve will imply vibrations of the basilar membrane.

1



2 LORD ADRIAN

In the skin, where the receptors are not collected into specialized groups,
the character of the stimulus might be indicated by the particular type of
nerve fibres which transmit the discharge. But we are still uncertain about
the significance of signals in the larger and smaller nerve fibres from the
skin in relation to pain and touch and so it is particularly important to
learn about the arrangement of the taste receptors. These have a distribu-
tion which is half way between that of the scattered receptors in the skin
and of the concentrated sheets in the eye, ear and nose. Detailed knowledge
of how taste buds signal sweet or bitter will be a great help in deciding
how the skin receptors signal pain or touch or temperature. And in fact
it is already helping to clear up this difficult problem, thanks, of course, to
the leadership and inspiration of our host, Professor Zotterman.

The eye, the ear and the nose are much more elaborate structures.
They have to detect the physical and chemical changes caused by events
at a distance from the body and all three give us a wide range of sensory
experience. We can distinguish a vast range of sounds, a great variety of
smells and innumerable visual patterns and we can do it clearly enough
to give them a name and recognize their origin.

In all three sense organs the stimulus is focused on an extended sheet
of receptors joined to the brain by thousands or millions of nerve fibres.
With this sort of arrangement there are two possible ways in which the
stimulus might give the necessary information about itself. It might
produce a particular spatial pattern of excitation over the receptor surface
with or without a particular temporal pattern showing the sequence and
timing of the excitation in different regions : or it might excite a particular
class of receptor which is specially sensitive to a particular quality.

In the ear the spatial and temporal analysis seems to be enough. The
vibration frequencies in the sequence of sounds cause distinctive patterns
of deformation in the basilar membrane and that pattern and its temporal
fluctuation contains all the information needed to specify the sound,
whether it is a pure tone, a noise or a voice or a tune that we know.

In the eye the changing pattern of light and shade on the retina gives
the same sort of information and most of our visual experience is based
on it : but visual stimuli vary in wave length as well as in intensity and
distribution and the signalling of colour seems to involve the other kind of
analysis—by receptors specially sensitive to particular wave lengths and
distributed over all the colour sensitive parts of the retina.

The camera structure of the eye gives an immediate clue to the analysis
by spatial and temporal patterns ; the convoluted structure of the nose is a
less certain guide. The receptor surface may be several times as large as
that of the retina and it lines the walls of narrow and elaborately folded
passages. With a structure of this kind we should not expect to find that
the different odorous molecules which are drawn through the nose at each
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breath would all be deposited on the receptor sheet with the same general
pattern of concentration and timing.

It is unlikely that the patterns in the nose would have as much detail
and variation as those on the retina, but the great size of the receptor
sheet does suggest that some of the information might be given in this way,
at all events in a macrosmatic animal. And in the rabbit there are certainly
distinct regional differences in the effectiveness of different odours and in
the timing of the discharge they set up. In the absence of simultaneous
records from multiple sites we could not expect evidence of detailed chro-
matographic patterns, but if we make simultaneous records from two
positions in the olfactory bulb there is often enough difference to show
which of four or five smells has been used to stimulate.

One can think of a variety of reasons for these spatial and temporal
differences, differences in the receptors, in the nature of the surface or in
the course followed by molecules of different weight and solubility in their
passage through the organ. In man the organ is much less complex and
we experience the same distinctive olfactory sensation whether the air is
drawn in through the nose or drawn through the mouth and expelled
through the nose. It is unlikely therefore that a microsmatic nose gets
much information from the way the excitation is distributed, but a macros-
matic nose might get a good deal more.

But it is unlikely that these spatial and temporal patterns could be more
than a minor guide in distinguishing one smell from another and so we
are left with the second method, that of individual receptors sensitive to
particular molecules as the colour receptors in the retina are sensitive to
particular wavelengths. In the rabbit they can be demonstrated without
much difficulty, for when the discharge from a single mitral cell is recorded
it is usually found to be produced only by one substance or group of
related substances, ethereal, esters, aromatic hydrocarbons, etc. The
specificity is a fixed property of the unit, unaltered by time, anaesthesia
or repeated stimulation and specific units have been found for many kinds
of smell and from mitral units in several parts of the bulb.

From my own work, done some years ago, [ should find it very difficult
to say how many different varieties of receptor there are, but we shall hear
more about it at this meeting and I think it will be clear that the part
played by specific receptors in the olfactory discharge would certainly
give far more information about the nature of the smell than could be
gathered from the general distribution of the excitation pattern.

It seems, then, that as far as the vertebrate sense organs are concerned,
our recognition of what we hear depends entirely on the general
excitation pattern, the recognition of what we see depends mainly on the
pattern but is aided by specific colour receptors, and our recognition of
what we smell depends mainly, perhaps entirely, on specific receptors for
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particular smells, though it may be aided by the characteristic pattern.
This conclusion seems reasonable enough, for sound waves can only exert
their mechanical effect, light waves can have different photochemical
actions according to their wavelength and odorous particles will have a
much greater variety of chemical effects which could be distinguished by
specific receptors, though their physical properties would infiuence their
distribution over the receptor surface.

We can only distinguish four tastes, but we can distinguish a vast
number of smells : differences in the excitation pattern, if they help at all,
would be unlikely to separate more than a few general categories and,
although specific receptors could give much more details, the evidence
seems scarcely enough to account for the whole range of olfactory dis-
crimination. We can account for it, however, if we remember that the
essential role of the central nervous system is to integrate all the incoming
signals and to produce the appropriate response. Our recognition of what
is happening around us is guided by all the information available whatever
its source. Olfactory recognition, like visual recognition, need not depend
on a single method of sensory analysis, it may depend on several methods
taken together. If smells can be separated in five categories by the spatial
pattern and five more by the temporal and another 50 by the specific
receptors, the number of different smells that might be distinguished
would be very large. We could pick them out as we pick out a book in
a library catalogue by a class mark, a letter and a number.

All this is guesswork and it cannot be more than that until we know
more about the reception of the taste and smell signals in the brain ;
and we shall not have a complete picture of the chemical sense organs
until we know how they are arranged in the invertebrate as well as in the
vertebrate. Fortunately we shall hear about all these problems at our
meeting. So it is high time now for me to stop making the guesses and
to call on our speakers to tell us the facts.



STUDIES ON THE ULTRASTRUCTURE AND
HISTOPHYSIOLOGY OF CELL MEMBRANES, NERVE
FIBERS AND SYNAPTIC JUNCTIONS IN
CHEMORECEPTORS*

A. J. D. DE LORENZO

The Johns Hopkins University School of Medicine and the Marinz Biological
Laboratory, Woods Hole, Massachusetts

RECENT years have witnessed a revival of interest in sensory receptors,
due in large part to the sensory physiologists. The studies of Kuffler,
Fuortes, Beidler, Loewenstein and others have provided functional analyses
of excitable membranes, receptive fields and feedback circuits in sensory
transducers. These studies represent one of the most exciting areas of
contemporary neurophysiology. Unfortunately, morphological investiga-
tions of sensory receptors and their synaptic junctions have not kept pace
with the rapid advances in sensory physiology.

This is particularly true of the chemorzceptors. Contemporary text-
books and modern reviews laboriously reproduce drawings of Schwalbe,
Koelliker, Kolmer and others and attempt to ascribe the properties of
generator potentials, synaptic potentials and electrochemical gradients to
nineteenth-century histology. To a large extent, the paucity of morpho-
logical descriptions of these regions, derives from the serious limitations
of staining small unmyelinated nerve fibers with silver salts. Electron
microscopy resolves most of these difficulties.

This presentation will be limited to our work on the olfactory and
gustatory pathways with particular emphasis on the fine structure and
histophysiology of nerve fibers and synaptic junctions. All the data have
been derived from examination of rabbit tissues.

THE OLFACTORY PATHWAY

Conventional silver staining of the olfactory mucosa and examination
with the light microscope reveals a great deal of information regarding the
microscopic organization of olfactory epithelium. Figures 1 and 2 are

* These studies were supported by Grants NB-2173 and NB-2182 from the National
Institute of Neurological Diseases and Blindness, United States Public Health Service.
A travel grant from the National Science Foundation is also gratefully acknowledged.
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6 A.J. D. DE LORENZO

photomicrographs of olfactory mucosa stained by the Bodian silver tech-
nique. Receptor cells, sustentacular cells and basal cells can be identified.
However, the apical tips of the receptors and the fine axons comprising the
fila olfactoria cannot be resolved in any detail. Large collections of nerve
fibers (N)* are clearly evident, but individual fiber detail is not resolvable.
Close scrutiny discloses that the bipolar olfactory receptor possesses a
long dendritic process in close contiguity with adjacent supporting cells
and a terminal process or olfactory rod extends beyond the ¢ limiting
membrane > of the epithelium. Since this portion of the neuron is the only
portion in direct contact with the external environment, a knowledge of
the structural specializations of the surface membranes might be informa-
tive to the sensory physiologist. Likewise, the distribution of nerve fiber
diameters and the organization of the fila olfactoria are important con-
siderations in any attempt to correlate structure and function.

Receptor Cells

In the electron microscope the receptor cells are clearly distinguishable
from the sustentacular cells (S) by their paucity of organized endoplasmic
reticulum (Figs. 3 and 4). Since the fine structure and organization of the
epithelium has been described in detail elsewhere (de Lorenzo, 1956, 1957
and 1960) this discussion will be limited mainly to the receptors. Figure 3
shows the apical process of a single receptor in contiguity with two adjacent
sustentacular cells (S). Membrane thickenings or desmosomes, common
to epithelial tissues, are shown by the arrows. Note however, that the
membrane thickening includes the plasma membrane of the receptor as
well. The receptor dendrite then extends as a naked process (Ro), no
longer ensheathed by supporting cells, beyond the “ limiting membrane
of the epithelium. This extension has been termed the * olfactory rod .
The olfactory rod is cytologically interesting for several reasons. This
process contains 6 to 12 cilia in a sepal-like arrangement around the rod.
They are identical in fine structure to cilia seen in other tissues. Their
number and arra:igement on the rod appear to be randomly distributed.
The plasma membrane bounding the rod membrane, consists of two dense
lines about 20 A thick separated by a light line about 30 A thick and is
continuous with the plasma membrane of the receptor (Figs. 3 and 4).
Quite often the membrane forms large invaginations (Fig. 4) and is con-
tinuous with a large number of vacuoles (V) which are characteristic of
cell membranes actively engaged in pinocytosis. A striking concentration

* The following abbreviations are used throughout this article: Ca, capillary ;
G, glands ; N, nerve fibers ; Mi, microvilli ; S, sustentacular cells ; Ro, Receptor terminal
(olfactory rod) ; C, cilia ; V, pinocytosis vacuoles ; Vs, * synaptic vesicles ”” ; M, mito-
chondria ; Nu, nucleus ; B, basement membrane ; Sc. Schwann cells ; Es, extracellular

space ; K, mesaxons ; P, perikaryon ; A, axons ; Tb, taste buds ; Sy, synaptic junctions ;
Tr, taste receptors ; Ct, connective tissue.
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of mitochondria (M) is seen in some olfactory rods, suggesting a high
metabolic activity in these regions, Likewise, small vesicles of the size
of ““ synaptic vesicles ” are usually seen in the cytoplasm of the olfactory
dendrite. A few filaments and occasional ribosome particles complete
the cytological armamentarium of the olfactory rod. Ti is worth re-
emphasizing that the remainder of the olfactory neuron is ensheathed by
sustentacular cells and the axon subsequently by Schwann cells and only
the ** olfactory rod > is bare or unensheathed.

The apical processes of the supporting cells exhibit another type of cell
membrane specialization. The plasma membrane forms numerous micro-
villi (Mi) as demonstrated in Figs. 3 and 4. The cilia deriving from the
olfactory rod are always enmeshed in the microvilli suggesting a possible
functional relationship. Text-fig. T is a schematic representation of the
olfactory epithelium incorporating our findings with the electron micro-
scope. Although the olfactory receptors are considered to exhibit a high
degree of physiological specificity to different odoriferous substances, our
studies reveal no significant fine structural differences in the rabbit. A
morphological classification for two types of receptors could, however,
be made based on the presence or paucity of mitochondria in the olfactory
rods (compare Figs. 3 and 4). Whether the number and orientation of the
cilia constitute significant fine structural differences in receptor cells
remains to be seen.

The Fila Olfactoria

The fine unmyelinated fibers which comprise the fila olfactoria of the
rabbit were first described by de Lorenzo in 1956 and simultaneously by
Gasser in another species. Detailed studies have subsequently appeared
(de Lorenzo 1957 and 1960). The most striking features of these nerve
fibers are : (1) their mean diameters which are 0.2x and (2) their structural
organization with respect to their investing Schwann cells. Figures 5 and 6
will help illustrate these features. In Fig. 5 the basal portion of the
olfactory epithelium is shown. A thick basement membrane (B) separates
the epithelium from the underlying connective tissue. In the upper right
corner of the picture, an epithelial cell whose nucleus is labeled (Nu) is
seen resting on the basement membrane (B). In the center of the picture
is a group of some twenty small axons (N) collectively emerging from
above and becoming embraced by a Schwann cell process (Sc). They
are already organized as fascicles consisting of nerve fibers in close con-
tiguity and remain so organized throughout their peripheral pathway to
the olfactory bulb. Figure 6 represents a section through the fila olfactoria
and here the organization of the fascicles is more evident. As has been
shown in earlier publications (de Lorenzo, 1956 and 1957): (1) the mean
fiber diameter is about 0.2x. (2) The axons are packed closely together,
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Text-FIG. 1. Schematic representation of the olfactory mucosa showing
the relationships of the various cell types based upon our observations with
the electron microscope.

separated only by spaces from 100 to 150 A wide. (3) In contrast to nerve
fibers in all other parts of the nervous system thus far examined with the
electron microscope, nerve fascicles rather than single fibers are enclosed
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in mesaxons. Thus most of the nerve fibers in a given fascicle are not
directly in contact with the extracellular environment. Figure 6 helps
demonstrate this relationship. At least five nerve fascicles are evident
containing numerous small axons. The regions designated by the (K)
indicate two mesaxons which represent continuity with the extracellular
spaces (Es). In direct contrast, all other nerve fibers thus far examined,
show an individual mesaxon for each individual unmyelinated nerve fiber
(compare Figs. 5 and 6 with Fig. 12). Here a single mesaxon can serve
several hundred nerve fibers in a single fascicle. Since these membrane
relationships may have important bearing on ion movements between the
axoplasm and the extracellular spaces the structural differences have been
somewhat labored. Text-figure Il is a diagramatic representation of the
organization of the olfactory nerve described by de Lorenzo in 1956 and
1957 and confirmed by Gasser.

Text-FiG. 1I.  Schematic representation of the organization of the fila
olfactoria based upon our observations with the electron microscope.
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Olfactory Glomeruli

In the rabbit there are about 108 olfactory receptors (Allison, 1953).
In all bulbs carefully examined (Holmgren, 1920 for fishes, and Cajal,
1911 for mammals) the olfactory fibers which enter the bulb do not divide
before entering the glomeruli, although they do branch freely once inside.
Therefore, any individual axon of a receptor cell does not terminate in
more than one glomerulus and thus each glomerulus receives impulses
from a distinct receptive field. Allison and Warwick (1949) estimated
that in the rabbit every glomerulus receives impulses from *“ on an average,
26,000 olfactory receptors and passes impulses on to twenty-four mitral
cells and sixty-eight tufted cells . This arrangement offers a unique
region for the study of synaptic junctions with the electron microscope,
especially since silver staining of this region is most limited due to the small
fibers and the structural complexity of the glomeruli. Figure 7 represents
a section through an olfactory glomerulus demonstrating a large number
of axon terminals. A few of these endings have been labeled (A). They
are in synaptic contiguity with two mitral cells (P) and demonstrate the
characteristic synaptic membrane thickening (arrows) and contain ‘‘ synap-
tic vesicles . Quite often axons are seen in very close contiguity (~100 A)
with each other. Although in these cases, there are no membrane
specializations, ‘‘ synaptic vesicles ” are present in the nerve fibers suggest-
ing a possible synaptic or ephaptic junction as reported in other systems
(de Lorenzo, 1959 and 1960). The oscillations in potential reported by
Adrian and others in the olfactory pathway suggest possible neural connec-
tions. The morphological evidence shows no obvious connections in
receptor cells other than the desmosomes described above. In the olfactory
fascicles, the close contiguity of nerve fibers (~100 A) and the vesicles
described might provide such a locus. An alternative explanation might
be derived from the arrangement of the olfactory glomerulus where
oscillations might be generated as dendritic potentials in the extensive
glomerular network.

THE GUSTATORY PATHWAY

The serious limitations enumerated for the study of olfactory neurons
are again manifest in the gustatory system. Although a detailed study of
the fine structure of taste buds has been published by de Lorenzo (1958)
the innervation of gustatory receptors remains obscure. The reasons for
this dilemma become apparent by referring to Figs. 8 and 9. Taste buds
(Tb) have been stained by the conventional silver methods. Although
nerve plexuses (N) can be seen, individual axons are extremely difficult to
follow even in the most successfully stained preparations (arrows Fig. 8).
Identifying synaptic junctions with any degree of reliability becomes
extraordinarily difficult and most times impossible. Likewise structural
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details of the most interesting taste pores are not resolvable. Again we
must turn to electron microscopy.

Receptor Cells

Since our early description of taste buds in the rabbit, great progress
has been made in preparatory techniques for electron microscopy. I
think it worthwhile, therefore, to briefly present some of our recent
observations on taste receptors before going on to the innervation data.

The cells within the taste buds were classified as sustentacular and
gustatory by the early histologists, primarily on the basis of their sizes,
shapes and staining characteristics. Although most histologists find this
classification useful, the electron microscopic studies suggest this is too
simplified a view. From these studies it appears that many of the cells
are transitional, i.e. represent different stages of the same basic cell type.
In addition various types of degenerating cells have been seen in the taste
bud by electron microscopy (de Lorenzo, 1960).

Figure 10 is a relatively low magnification micrograph demonstrating
the typical morphological appearance of the apical portion of a taste bud.
About six receptor cells (Tr) are seen near the region of the taste pore.
The apical tips of the receptors demonstrate cell surface specializations—
microvilli (Mi). The microvilli are extensions of the plasma membrane
and are bounded by the typical unit membrane complex (see above).
The microvilli are from 0.1z to 0.2¢ wide and two or more microns long and
were first described by de Lorenzo (1958). It is worth emphasizing that
there are no “ taste hairs >’ seen and therefore these ** structures >’ seen in
light microscopy must be artifacts. The cytoplasm of the receptor is
characterized by large clusters of vesicles and fibrillar material particularly
in the regions near the microvilli. Between the cells, in the region of the
taste pore, are large amounts of a dense osmiphilic material that may
correspond to the mucoid substance described by Ranvier. The apical
cytoplasm of the receptors contains, in addition, accumulations of mito-
chondria and large numbers of dense granules (Fig. 11). These granules
are enclosed in a membrane (Fig. 11) and resemble neurosecretory and
“ catechol-amine granules ”’ seen in other tissues. The plasma membranes
of the receptor cell show other kinds of specializations at their lateral
surfaces. The cells always interdigitate with each other, particularly at
their apical ends (see Figs. 10 and 11). Figure 11 shows yet another cell
surface specialization at the arrows—the desmosome which will be described
in more detail later. Note, however, that in this case the cell surfaces
involve the sensory receptor cells alone. Endoplasmic reticulum, RNP
granules, mitochondria and Golgi apparatus complete the cytoplasmic
components of the gustatory receptors.
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Nerve Fibers

Myelinated nerve fibers about 1 to 6 in diameter are seen in the con-
nective tissue underlying each taste bud. They lose their myelin, for the
most part, in the nerve plexus near the basement membrane. These un-
myelinated fibers then enter the bud and establish synaptic contiguity with
the receptors. The center of the bud demonstrates much more mixing of
nerve fibers, deriving from many loci in the plexus, whereas the peripheral
or lateral margins of the buds are more simply organized. Examination
of these nerve fibers with the electron microscope quickly reveals the reason
they are most difficult to resolve with conventional light microscopic
techniques. Figure 12 demonstrates a region in a nerve plexus. In the
upper left a gustatory receptor can be seen whose nucleus (Nu) has been
identified. This cell rests upon a basement membrane (B). The spaces
beneath the basement membrane are filled with connective tissue (Ct) con-
taining collagen. A capillary (Ca) has beeen sectioned longitudinally and
its lumen contains a red cell seen at the upper right. Directly beneath the
capillary is a typical nerve plexus consisting of numerous unmyelinated
nerve fibers (N) in close contiguity with Schwann cells and exhibiting the
typical mesaxons (arrows) characteristic of most unmyelinated fibers.
Note this typical arrangement in contrast to the organization of olfactory
fascicles (Figs. 5 and 6). The most striking observation is the overall
diameter of these fibers. There appear to be two kinds of nerve fibers—
one type about 0.5x to 1.0 in diameter, the other below 0.54#. Many of
the smallest fibers measure only 50 millimicrons in diameter and are
clearly enclosed in Schwann cell mesaxons (Fig. 12). These observations
were first published by de Lorenzo in 1958. It becomes highly proble-
matical whether these small fibers can conduct an impulse due to their
minute dimensions. They may be small branches of the larger fibers.

These fibers enter the bud and assume a most unique structural relation-
ship with the receptor cells (Fig. 13). In this figure some 30 nerve fibers,
consisting of both the large and small types push into a single receptor cell,
whose nucleus (Nu) is located at the right of the figure. The fibers now
are embraced, as it were, by the membranes of the receptors in a manner
identical with mesaxons deriving from Schwann cells. These receptor
mesaxons are indicated with the arrows. Close scrutiny of this figure will
reveal that all the fibers bear this relationship. Compare Fig. 13 with
Fig. 12 to clarify this relationship. Some of these fibers may be terminating
as evidenced by their ‘“ synaptic vesicles . Figures 11, 14 and 15 demon-
strate how the large fiber groups form synaptic junctions with receptor
cells. The large fibers always seem to terminate in relationship to two or
more receptor cells, i.e. they may innervate more than one receptor or may
be free nerve endings, since they are between cells, near pores and more
readily available to the extracellular environment. Figure 14 demonstrates
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three large endings (Sy) each of which is in contiguity with the mem-
branes of at least two receptor cells (Tr). Figure 15 is a higher
magnification of a large fiber synaptic junction demonstrating some of the
cytological details characteristic of this type of ending. Note that the
synaptic membranes do not show any thickening characteristic of other
synapses (de Lorenzo, 1959-62). However, ‘“ synaptic vesicles ” are con-
sistently seen (Figs. 11, 14 and 15). On the other hand, the small fibers end
in yet another fashion. They remain in their receptor membrane mesaxons
throughout their course and terminate in individual receptors rather than
sharing two or more receptor cells. They do not contain large numbers
of vesicles as do the large fibers, but instead contain a few mitochondria
and punctate fibrils which seem to exhibit a periodicity when seen in
longitudinal sections. Like the large fibers, their membranes have no

TexT-FiG. HI. Schematic representation of the ultrastructure and organiza-
tion of the taste buds in the papilla foliata of the rabbit.
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apparent thickening at their terminations. It has been a consistent observa-
tion that the large fibers also appear as “ free endings ” and thus may
represent yet another type of sensory apparatus or cell type.

Several interesting questions immediately arise. Whenever two kinds of
endings are seen in receptor systems one must consider the possibility of
efferent endings. Unfortunately the electron microscope does not differ-
entiate them for the neuroanatomist. Indeed it would seem most unwise
to ascribe functional roles to any structural organelles without biophysical
and chemical correlates. It must remain for the physiologist to demonstrate
the role, if any, of the various types of endings seen by the electron micro-
scopist. Another interesting observation is that of the so-called *“ synaptic
vesicles ” seen in the endings. If we assume, for the time being at least,
that the gustatory system is chiefly sensory in nature (and the experiments
of Guth (1958) support such an assumption), then the vesicles are on the
post-synaptic side of the synapse. 1 have also reported *“ synaptic vesicles ”’
in two distinct synapses that have been shown to be electrical in nature
(1959, 1960b). If they contain chemical transmitters, they are most
awkwardly disposed. If on the other hand, they reside in effector endings,
then all is quite reasonable. Only future studies will clarify this dilemma.

Another type of receptor cell attachment is demonstrated in Fig. 16.
These are the desmosomes which we also encountered in the olfactory
receptor epithelium (Figs. 3 and 4). The inset in Fig. 16 demonstrates the
ultrastructural organization typical of desmosomes also seen in other types
of epithelium (Fawcett, 1958).

Our observations on the ultrastructural organization of the gustatory
receptors, nerve fibers and their synaptic junctions are summarized in
Text-fig. 111.

HISTOPHYSIOLOGY OF GUSTATORY SYNAPTIC JUNCTIONS

In our early descriptions of the rabbit taste buds, we were somewhat
surprised to find that we could not clearly label each cell in the bud either
sustentacular .or sensory on the basis of cytological appearances. This
seemed too simplified a classification, especially when we later observed
many cells in the bud which demonstrated pathological changes (de
Lorenzo, 1960). The work of Beidler ez al. (1960) confirmed our suspicions
that a cell turnover was evident. Since then, we have repeated Beidler’s
rat experiments in the rabbit. Table 1 represents the data derived by
injecting colchicine and counting dividing cells in the taste bud germinal
epithelium as described by Beidler (personal communication). Since
colchicine is a most toxic substance these results must be carefully inter-
preted. However, they do suggest a rather rapid turnover in the foliate
papillac. However, the metaphase cells were rarely found within the bud
but usually around the margins (see Figs. 17 and 18). To determine whether
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TABLE 1. THE RATE OF ACCUMULATION OF MITOTIC FIGURES AFTER COLCHICINE
TASTE BUD GERMINAL EPITHELIUM

Rate 2 hr after injection Rate 5 hr after injection
No. of Frequency No. of Frequency
mitotic of mitotic of
figures occurrence ‘ figures occurrence
0 11 2 4
1 57 3 15
2 30 4 26
3 4 5 31

6 10
x = 126
7 11
SD 0.7
8 4
x =4.76
SD 2.18
5 hr4.76
2 hr1.26
3.50 cells entering mitosis in 3 hr
3.50
—— = 1.16 cells per hr
3

any of the dividing cells entered the taste buds and at what rate, we injected
rabbits with 1x¢/100 g body weight of tritiated thymidine at 1900 mc/mm
specific activity. Radioautographs were prepared for examination in the
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TEXT-FIG. IV.

light and electron microscope. Text-figure IV is a curve plotted from our
data. At point A (about 24 hr) few cells are labeled and these are all
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outside the taste bud. However, the slope of the curve from A to B
represents a gradual shift of labeled cells from the margins into the taste
buds. At about 100 to 200 hr a large number of labeled cells are seen
within the taste buds of the foliate papillae of the rabbit. Calculating
crude rates of turnover, we submit that the labeled cells migrate into the
taste buds about one cell every 30 hr. Beidler’s data in the fungiform
papillae of the rat show a rate of migration of about one cell every 10 hr
(personal communication). The rates may well vary in the anterior tongue
as contrasted with the more protected posterior taste buds of the papilla
foliata.

Since our results are preliminary and our experience with radioauto-
graphy is limited, the rates calculated may be somewhat in error. However,
on the basis of Beidler’'s work and our own prelimary results, we submit
that the life history of the gustatory cell is quite short and that synaptic
junctions are in a constant state of flux. This immediately poses many
interesting problems for the neurophysiologist and neuroanatomist. Only
the combined techniques of biophysics, chemistry and electron microscopy
will eventually correlate structure and function in this most interesting group
of chemoreceptors.
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PLATE I

Fics. 1 and 2. Olfactory mucosa of the rabbit stained with the Bodian silver
method showing the general architecture of the epithelium. x 600 and X 600.



PLATE 11

FiG. 3. Electron micrograph of the apical processes of sustentacular and
olfactory receptor cells. See text for full description. Approx. x 30,000.



PLATE IIL

FiG. 4. This figure demonstrates the large concentrations of mitochondria and
pinocytosis vacuoles seen in one type of olfactory receptor rod. x 36,500.



PLATE 1V
FiGs. 5 and 6. These figures demonstrate the structural organization of the

fila olfactoria and the sizes of the fibers comprising this nerve. Approx.
% 30,000 (both).



PLATE V

Fic. 7. High magnification of axons deriving from the fila olfactoria terminat-
ing on mitral cells. Approx. x 50,000.



PLATE VI

Fics. 8 and 9. Silver preparations of the taste buds in the foliate papilla of the
rabbit showing nerve plexuses and small nerve fibers innervating the taste buds.
Note the small fibers. X 1000 (both).



PLATE VII

FiG. 10. Low power electron micrograph showing the organization of the taste
bud in the region of a taste pore. Approx. X 12,000.



PLATE VITI

FiG. 11. High magnification of a receptor ceil showing details of the cytoplasm
and a synaptic junction or possibly a free nerve ending (see text). Approx.
X 70,000.



PLATE IX

Fi6. 12. High magnification of nerve fibers in the plexus beneath a taste bud.
Approx. x 70,000.



PLATE X

Fic. 13. This figure demonstrates how the nerve fibers enter the taste bud and
how some of them terminate at the base. Approx. X 30,000.



PLATE XI

FiGs. 14 and 15. These electron micrographs show the large fibers and their
relation to the gustatory receptors at their terminals. Approx. X 30,000
(Fig. 14) and x 80,000 (Fig. 15).



PLATE XII
FiG. 16. Membrane specializations are seen in this picture that are charac-
teristic of desmosomes seen in other tissues. Inset demonstrates ultra-
structural details of the desmosome, x 12,500 and inset x 200,000.



PLATE XIII
Figs. 17 and 18. These demonstrate the effects of colchicine inhibition in
foliate papilla of the rabbit. Note mitotic figures around but not in the taste
buds proper. x 300 and x 300.



ODOR SPECIFICITIES OF THE FROG’S OLFACTORY
RECEPTORS*

R. C. GESTELAND, J. Y. LETTVIN, W. H. PITTS AND ARISTIDES ROJAST

Research Laboratory of Electronics, Massachusetts Institute of Technology,
Cambridge, Massachusetts

A PERSISTENT obstacle to study of the vertebrate olfactory system has been
the experimental difficulty of finding out about the properties of the recep-
tor cells. Their relatively small cell bodies, sheathed distal processes, and
thin, unmyelinated axons have limited most of the experimental electro-
physiological investigations to recording a large number of units at a time.
Adrian’s categories of some major types of odor response from the
olfactory bulb (Adrian 1953) and Ottoson’s studies of differences in
slow potentials resulting from different stimuli (Ottoson, 1958) are the best
available data. Neither allows the properties of the receptors to be
described in enough detail to account for the sensitivity and selectivity of
the nose. Beidler and Tucker have described a method of recording from
a small bundle of axons of the olfactory nerve (Beidler and Tucker, 1955).
They have not yet published the results of their experiments. Zwaarde-
maker’s early study of cross inhibition (Zwaardemaker, 1895) provided
as good a set of categories to describe psychophysical odor properties as
any, but it cannot lead to a unique description of the receptor mechanism.
Action potentials recorded from the second-order olfactory units located
in the bulb do not show unique responses to different stimuli; this may
mean that odor specificity information is coded as patterns resulting from
simultaneous activity of many second-order units.

This paper describes a method of recording the action potentials of
olfactory receptors by using low-impedance extracellular metal micro-
electrodes (Gesteland, 1961). Some of the odor-specific properties of the
receptors will be described.

*This work was supported in part by the U.S. Army Signal Corps, the Air Force Office of
Scientific Research, and the Office of Naval Research ; in part by the U.S. Air Force
(Aeronautical Systems Division Contract AF33(616)-7783) ; and in part by the National
Institutes of Health (Grant B-1865-(C3)).

tAlfred P. Sloan Postdoctoral Fellow.
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METHODS

All of our experiments were done on the frog Rana pipiens. We used
either Ottoson’s preparation (Ottoson, 1956) (a decorporate frog with
the olfactory mucosa exposed by removing the dorsal surface of the nasal
cavity), or a curarized frog with the same exposure. Responses of cells
appear to be the same with either preparation. However, the curarized
preparation with intact circulation is not as sensitive to overstimulation
and recovered from block caused by overstimulation more readily.
Furthermore, there is a curious transition in the responses of olfactory
receptors caused by the successive presentation of many odors. Most
of the cells lose their specificity and become responsive to all stimuli
or block and respond to none. This phenomenon does not occur as soon
when the animal has intact circulation. Some of the frogs had either
the first nerve or the ophthalmic branch of the fifth nerve, or both, sec-
tioned on one side.

The animal was in a plastic box with a 1 cm x 2 cm hole for the electrodes
and the stimulator in the top directly over the exposed mucosa. The frog
was pinned to a cork block with a silver-silver chloride plate under his
head. Deodorized moist air flowed continuously through the chamber.
The box and cork were thoroughly washed and left exposed to laboratory
air between experiments and had no noticeable odor.

The stimuli were small puffs of odorized air from 1 ml syringes, the
plungers of which were dipped in mineral oil or ethyl alcohol solutions of
reagent-grade (when available) organic chemicals. Odorized air blew
directly from the syringe onto the mucosa. There was no tubing as a
common path for the stimuli, as we found that it very rapidly adsorbed
odors and mixed them with successive ones. The odors of the stimulating
chemicals were easily recognizable, and no attempt was made to achieve
such purity that we could be sure that the odor was not due to impurities.
(We note the recent report that zone-refined skatole is odorless (Beynor
and Saunders, 1960)). It is important to stress the significance of using
very low stimulus intensities. A puff of 0.2 ml of odorized air lasting 1 sec
with the syringe tip 3 cm from the mucosa will typically evoke a larger
response from a unit that is sensitive to the particular odor. When
stimulus strengths are so large that two successive puffs cause a decrement
in the amplitude of the slow potential, the receptors will certainly be in
either a generally irritable or a blocked state, and no longer odor-selective.

The EOG or Ottoson potential was monitored by a micropipette filled
with 3m KCI touching the surface of the mucosa, usually at the top of the
eminentia olfactoria. It indicates the arrival of the stimulus at the mucosa.
The maximum sensitivity of our recording system for the slow potentials
is approximately 0.2 mV for a noticeable deflection of the cathode-ray
tube beam. The negative-going Ottoson potential is preceded by a small



ODOR SPECIFICITIES OF THE FROG’S OLFACTORY RECEPTORS 21

positivity for certain stimuli. The magnitude of the slow potential depends
upon the nature and the strength of the stimulus.

Action potentials were measured with a platinum-black plated, metal-
filled microelectrode, coupled capacitively to a cathode follower with 30
M input resistance. The indifferent electrode for both microelectrodes
was the chlorided silver plate. We found that some slight variations in the
procedure for preparing the metal microelectrode, which we have described
previously (Gesteland et al., 1959) greatly improved its ability to pick up
the extracellular olfactory action potentials. We break off the tip of a
glass micropipette so that it is from 2 to 5¢ in diameter. Next, we extrude
Cerrelow 136 alloy down the pipette to fill it to the end. If responses
from the region of the axon hillock are desired, the tip is next plated with
platinum black from a solution of chloroplatinic acid with a little added
agar. The platinum black is first deposited slowly, then rapidly enough
to cause bubbling, until a large, bushy glob is formed at the tip. The agar
in the plating bath is most important. It reduces the impedance of the
resulting electrode in tissue, as compared with an electrode plated from a
solution without agar. If responses from the cell body or distal process
are desired, it is best either to grind the tip of the electrode before plating
so that it is beveled like the tip of a hypodermic needle, or to break off the
tipsothat the glass is jagged. Then a little alloyis dissolved out of the tip with
sulfuric acid and hydrogen peroxide. Platinum black is plated to fill the
hollow left by alloy dissolution. This results in a low-impedance metal
electrode with a glass cutting edge to lead the way into tissue. The big,
bushy ball-tip electrode was used for most of the experiments described
in this paper. It will easily record from receptors singly or a few at a time,
and on one occasion recorded for a few moments action potentials from a
single fiber in the first nerve far from the mucosa.

A heavy micromanipulator was necessary in order to stay with units
for long periods of time (2 or 3 hr sometimes).

We insert the metal electrode into the mucosa in such a way that its
path is very nearly tangent to the mucosa surface. The electrode will
also pick up units if it is normal to the surface, but the probability of record-
ing is greatly diminished, no doubt because of both a reduced likelihood
of contacting a unit in the optimal way and because the entering electrode
is much more likely to damage the receptor terminal structures and block
the sensitive area on the way in. Furthermore, the electrode irritates the
mucosa in the place where it penetrates, and there is movement of the cilia
and mucus as the animal tries to wash away the irritant. This may well
block activity of the receptors in that area.

The metal microelectrode sees spike amplitudes ranging from the noise
level of 20 #V up to 2 mV. The spikes may be monophasic, diphasic or
triphasic and of either initial polarity, the local boundary conditions for
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current flow set by the electrode being the determining factor. The dura-
tion of the three phases of the action potential of olfactory receptors,
extracellularly recorded, is from 3 to 5 msec if the electrode is deep, that
is, near the axon hillock or axon. Figure 1 shows three sweeps of resting

Fic. 1. Resting discharge of olfactory receptor cell axons. The lengths of the
sweeps are 0.5 sec and the largest spikes are 0.4 mV peak-to-peak amplitude.

activity of units recorded in this position. The spike duration is longer,
between 5 and 7 msec, when the electrode tip is on the mucosa side of the
basement membrane near the cell bodies, or very near the surface of the
mucosa. Action potentials recorded from fifth-nerve axons and fifth-
nerve endings in the mucosa are much shorter, approximately 1-1.5 msec,
typical of myelinated axon activity. For olfactory action potentials,
optimal amplifier frequency response is roughly from 8 ¢/s to 1 kc/s. The
maximum repetition rate of olfactory spikes is 20 per sec, and this is seen
only rarely when a particularly appropriate stimulus is presented to a cell.
A common rate for a responding cell is from 1 to 5 spikes per sec. The
resting rate (which may be low-level activity of the receptors caused by
room odors) is usually a few spikes in 10 sec.

Our display system operated in the following way. The vertical signal
output of a monitoring oscilloscope was used to open a gate that passed
the spike on to a second oscilloscope. The gate could be set to open only
for spikes exceeding a preset amplitude. The Ottoson potential was added
on the second oscilloscope, deflecting the base line to show the time of
arrival of the stimulus at the mucosa and its relative strength. Since two
or more units are often picked up by the microelectrode, we arranged a
sweep expansion saw tooth to be triggered by the gate so that we could
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examine the shape of the spikes. Even if two units had approximately the
same amplitude, their shape was almost always characteristic, and while
watching the expanded spikes, the electrode was moved slightly until
different units had clearly distinguishable amplitudes. Thus it was possible
to watch simultaneously the response of two or three cells to each stimulus.
Figure 2 shows the resting discharge and an expanded sweep and a normal

F1G. 2. Resting discharge and two responses to pyridine. Center sweep shows
expanded spikes. Each expansion has a 2.5 msec duration. All sweep lengths,
10 sec.

sweep of the response of two units to pyridine. Note the different shapes
of the action potentials of the two active units. The gate also was used to
provide relative brightening of the spikes compared with the base line, in
order to maintain more nearly uniform photographic exposure.

ODOR RESPONSES AND SPECIFICITY

A responsive unit will generally produce a burst of spikes from 1 to 4 sec
in duration. This is usually followed by a quiet period about as long. For
a much longer time after this there is a refractory period during which the
threshold of the unit is increased. The amount of increase and the dura-
tion depend upon the strength of the preceding stimulus and its constitu-
tion. For instance, Fig. 3 shows a unit stimulated with butyric acid twice
within 1 min. The second stimulus causes fewer action potentials than the
first. The stimulus strengths were about equal as is shown by the Ottoson
potentials. The time between the arrival of the stimulus at the mucosa
and the response also depend on the particular stimulus, but not on the
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strength. The usual effect of changing the strength of the stimulus is
shown in Fig. 4. (We define stimulus strength as the amount of odorous

FiG. 3. Responses to two puffs of butyric acid. The lower trace was taken less
than 1 min. after the upper. Sweep length, 10 sec.

Fic. 4. Responses to increasing stimulus strengths. The top trace is the
smallest ; the lower, the largest puff of n-butanol. Sweep length, 10 sec.

substance arriving per unit time.) It shows a unit responding to three puffs
of n-butanol. The smallest is at the top. The three records were taken
far enough apart in time so that there is minimal effect of reduced sensi-
tivity because of the preceding stimulus. The pattern of the response is
strikingly similar in all three cases, even though the number of spikes
increases with stimulus strength. There is always a threshold effect, and
for a unit that has not had its threshold raised by multiple preceding
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stimuli, the threshold is below the level at which an Ottoson potential can
be distinguished. Overstimulation causes extended high thresholds. If the
unit is overstimulated by several different stimuli, it will often discharge
at a very high rate for many seconds, and then go into a state with
prolonged high threshold. It is not a dead receptor, however, and will res-
pond with a few spikes to an appropriate stimulus. After a long period of
stimulation, even when the stimuli strengths have been kept low enough
to avoid these effects, many of the units that we record are generally
irritable, responding strongly to all successive stimuli. The mucosa
does not return to its initial or normal state after this effect has set in.
An interesting phenomenon is seen if a puff of cigarette smoke is blown
at the exposed mucosa with the decorporate preparation. There is a big in-
crease in background activity (activity of cells too far from the electrode tip
to be distinguished from noise) which suddenly becomes an oscillation of
5-10 c¢/s. This oscillation lasts for a few seconds and is apparently phasic
activity of many receptors. The receptors do not show much activity or
selectivity after such an oscillation has occurred. However, it can be
obtained repeatedly, and the frequency of the oscillations changes some-
what with composition of the smoke. We do not get the oscillations when
circulation is intact. The dc potential of the mucosa becomes very erratic
sometime after single units show the effects of massive stimulation.
When we section the olfactory nerve and let degeneration take place for a
week or more, the effects on the Ottoson potentials and single-unit res-
ponses are very apparent. The Ottoson potential is reduced to approxi-
mately 50 per cent of the amplitude recorded from the mucosa with an intact
nerve, and the frequency with which one can find a unit with an electrode
is markedly reduced. With careful exploring, spikes can be found and they
are odor-specific in their responses. This agrees with Le Gros Clark’s histo-
logical studies on degeneration following first-nerve section in the rabbit
where he found at least half of the olfactory receptor cells to have dege-
nerated (Le Gros Clark, 1957). Section of the fifth nerve, on the other
hand, has no obvious effect on the Ottoson potential, amplitude, and the
number of active single units or their response properties. On a few
occasions with a preparation with intact fifth nerve we have encountered a
single unit in the mucosa with an action potential that is short compared
with olfactory units, approximately 1-1.5 msec. Figure 5 shows such a
unit. The large spike has a short duration, and the small one is more than
twice as long. The top trace shows the resting rate, the middle trace shows
the large unit responding to butyric acid, and the bottom trace, a weak
response of the small unit to musk xylene. The large unit showed some
response to camphor and mercaptoacetic acid, but to nothing else, even
if very strong puffs were used. The small unit responded to a larger group
of odors. It seems most likely that the large unit is a fifth-nerve ending.

4
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A few times, we have recorded from a metal microelectrode inserted in the
ophthalmic branch of the fifth nerve. Here also the spikes are of short
duration, and the units responded to the onset of heat with a decrease in
rate, and to turnoff of heat with an increase in rate compared with the

Fic. 5. Resting discharge and responses to butyric acid and musk xylene.

The large spikes have a short duration. The small spikes have the usual longer

duration that is typical of olfactory receptors. Slow potentials are hardly visible
because of low stimulus strength. Sweep lengths, 10 sec.

resting rate. The units responded to touch with a rate increase. We did
not get responses to irritating chemicals but we have not tried often to
find such responses. Olfactory units recorded with the electrode as in the
usual preparation do not respond to small variations in temperature and
probably not to touch.

The olfactory receptors are all odor-selective, that is, each one responds
to certain of the odors to which it is exposed and does not respond to
others. Most show a strong response to at least one of the twenty-five
odors that we have used and a weaker response to many more of them.
Figures 6-14 are examples of odor-specific responses of some of the cells
that we recorded.

From these records and many more, we can suggest that there are some
patterns that are present in the responses of different cells, and we can
begin a list of the different groups of receptors. Our list is characterized
by extensive overlap, as if chemical names were not a good way to charac-
terize these types. However, odor properties do not seem to be any better.
One group responds vigorously to limonene, camphor, pinene, and some-
what less to carbon disulfide. A second responds to coumarin and musk.
Group three responds to butyric acid, valeric acid, mercaptoacetic acid,
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FiG. 6. A unit that responds strongly to camphor, two puffs of limonene,

carbon disulfide, and slightly to ethyl butyrate. Sweep lengths, 10 sec. Note

early response to carbon disulfide because of odor on the outside of the syringe

as it was brought into position. A lower amplitude spike also responds to
camphor in the top trace.

Fic. 7. More responses from the same recording position as Fig. 6. Top trace

shows a weak response of the two units to musk xylene. Below it, the one unit

shows long-delayed responses to nitrobenzene and benzaldehyde. The two

bottom traces show a larger unit, which was not responsive to the preceding

stimuli, slightly responsive to #-butanol, and more so to pyridine. Sweep lengths,
10 sec.

27
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FiG. 8. Two units show vigorous responses to ethyl butyrate and 7-butanol.

Vigorous response of a different larger unit and one of the smaller units to

musk xylene. Weak response of thc larger unit to geraniol. Sweep lengths,
10 sec.

Fic. 9. Two units of different amplitude are active in these three traces. One

responds to none of the three stimuli. The other responds vigorously to cou-

marin, and weakly or not at all to camphor and n-butanol. There is a continuous

difficulty of separating a weak response from the usual highly erratic resting
discharge rate. Sweep lengths, 10 sec.
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Fic. 10. Several units with clearly different amplitudes can be seen in all the

traces shown here and in Fig. 11. A small unit responds vigorously to geraniol,

ethyl butyrate, and amyl alcohol. A smaller unit is active as well for geraniol.

A large unit responds slightly to ethyl butyrate. This unit also responds to

amyl alcohol slightly, as does another slightly smaller unit. All sweep lengths,

10 sec. Except for geraniol the stimuli are too small to discriminate the slow
potential.

Fic. 11. From the same position as the traces shown in Fig. 10, the two large

units respond to benzaldehyde, benzonitrite, and musk xylene. There is little

or no response of the small units to these stimuli. Same sweep length as in
Fig. 10.
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F1G. 12. A unit is shown in these four traces which responds strongly to butyric

acid, valeric acid, and cyclo-hexanol. There is a weak response to n-butanol.

Base-line drift is caused by movement of the micropipette electrode. Sweep
lengths, 10 sec.

FiG. 13. A unit that responds to musk xylene, slightly to nitrobcazene, less so
to benzonitrite, and not at all to pyridine. Sweep lengths, 10 sec.
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and cyclo-hexanol. Group four responds to benzaldehyde, nitrobenzene,
benzonitrite, musk, and amyl alcohol. Group five responds to pyridine,
musk, cinnamaldehyde, and n-butanol. Musk is the strongest stimulus for
a sixth type that does not show much response to benzaldehyde or nitro-
benzene. A seventh type responds to pyridine more strongly than to most
of our other stimuli. The eighth group, which is very common, responds to
butanol, ethyl butyrate, amyl alcohol, and geraniol. There seem to be
other types but we have not seen them often enough to be able to charac-
terize them at all. Furthermore, it is possible and likely that these types
may be condensed into fewer groups or expanded into more. If we have
not used stimuli that are especially effective and, instead, are seeing res-
ponses to some of the large number of odors that weakly affect a type, it
would account for much of our uncertainty and for the fact that no two
units seem to be completely alike.

FIG. 14. A unit that shows a strong response to butyric acid, and weak response
to pyridine and n-butanol. It could also be interpreted as showing inhibition
for n-butanol. Sweep lengths, 10 sec.

To give some indication of the complexity that we face, we have com-
piled the table shown in Fig. 15. 1Itis a list of all of the stimuli that we have
used in many experiments. The second column lists the number of cells
that we attempted to stimulate with each odor. The third column is the
number of cells that showed a repeatable response measured as a transient
increase in discharge rate. Most units respond to many things. Each cell
shows such individuality in its weaker responses that, in spite of a rather
large number of attempts, we have not been able to discover a unique set
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of odors that accurately describes the selectivity of a limited number of
receptor types. However, judging only on the basis of strong responses,
it appears to us that there is a limited number of types of receptors.

Stimulus Cells Cells
sampied | responding
n-Amyl Alcohol 25 14
Musk Xylene 38 20
Benzaldehyde 36 19
Benzyl Acetate 12 6
Geranio!l 18 9
Benzonitrite 22 11
Pyridine 32 15
Indole 19 9
Camphor 32 14
Methyl Salicylate 18 8
Butyric Acid 30 13
Linalool 14 6
Pinene 7 3
n-Butanol 47 19
c-Hexanol 20 8
Nitrobenzene 42 16
Triethylamine 14 5
Ethy! Butyrate K] 10
Mercaptoacetic Acid 19 6
Valeric Acid 13 4
Limonene 17 5
Coumarin 22 6
Carbon Disulfide 28 7
Cinnamaldehyde 25 6
Methyl Anthranilate 6 1
Salicylaldehyde 21 3

Fig. 15. The stimuli used in various experiments, the number of cells on

which each was tried, and the number of those which responded with an increase

in discharge rate are tabulated here. Weak and strong responses are lumped
together.

DISCUSSION

The chemical selectivity of the olfactory receptors in the frog’s mucosa
which we see is a curious and unsatisfying kind of selectivity. It is ana-
logeus to a collection of poorly constructed optical filters. We could
describe the optical filters as follows. No two are quite alike. The res-
ponse spectrum changes with repeated use and environmental conditions.
The transmission band has many notches in it and the sides of the trans-
mission band fall off slowly and irregularly. Yet, the yellow ones are
clearly a group apart from the red ones. We do not suggest that nature
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has in fact given the frog such an inferior set of analyzers for odor. How-
ever, our measurements are apparently made in such a way that we cannot
discern the unique properties for which we are searching. The categories
that we might construct do not fall into order on the basis of simple
chemical properties, or on any psychological odor groupings. There are
no data on cross inhibition either at the behavioral or physiological levels
for the frog, and data from other vertebrates do not help in achieving this
order either. In our earlier experiments in which we used only a few
odors, one from each of Zwaardemaker’s major groups, it appeared that
many units were uniquely sensitive to only one odor of our set. However,
when we expanded the collection of stimuli, the exceptions were much
more common than were the ones that responded according to our
supposition.

If we assume (as appears reasonable from our data) that the resting dis-
charge rate for the receptors is either small or zero, and therefore that
inhibition is not a major part of the code for describing an odor, we can
consider several different possible types of receptor mechanisms and see if
any are preferred by reason of being consistent with our measurements.

1. All of the receptors are identical. 1In this case the number of active
cells would indicate the intensity of the stimulus and the pattern of the
discharge or the topographical position of the receptor on the mucosa or
both would indicate the quality of the odor. Under these assumptions,
we should see very similar responses to the same odor from one cell to the
next, at least when the electrode stays within a restricted area of the
mucosa. In fact, of course, the receptors that we record do not behave in
this way at all. Differential selectivity is most obvious when the electrode
is recording simultaneously from different units with clearly discriminative
amplitudes.

2. There are several different species of receptor cells, each species of
which has particular selectivity properties. If the receptors are like this,
and if our recording method does not seriously disturb the properties of
the units, we ought to see, at least occasionally, two cells that respond in
the same way to our entire collection of stimulants. In fact, there is a
difference in the response of any two cells with respect to some odors. It
is possible that we have seen some identical cells but have disturbed their
identity by our manipulations. More sophisticated experimentation might
prove this to be the correct description.

3. There are a great many different receptor types, possibly one for
each odor or combination of odors. This seems unlikely, as we see a strong
tendency for the receptors to form at least vague odor groups.

4. There are different receptor site types that are distributed over each
cell. One cell can differ from the next in having different ratios of the
receptor sites. In this case the variability that we see is most reasonable, in



34 R. C. GESTELAND AND OTHERS

that whether a receptor responds or not depends on the relative occupa-
tion of the different sites, or on occupation of a minimum number of sites
of more than one type. Some sites could be inhibitory, but it is not neces-
sary to postulate this in order to have a useful code without great numbers
of different cell species.

At present, the fourth receptor model seems the most compatible with
our data, but we are in no position to settle the question yet.

SUMMARY

1. A new recording technique that allows the action potentials of single
primary olfactory receptors in the frog to be recorded extracellularly has
been described.

2. The general response patterns of the olfactory receptors have been
described and correlated with the observations on the slow potentials of

the mucosa.

3. Some of the odor-specific properties of the receptors have been
described.

4. Possible receptor mechanisms have been discussed in the light of the
new data on odor-specific responses.
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GENERATION AND TRANSMISSION OF SIGNALS IN
THE OLFACTORY SYSTEM

D. OtrosonN

Department of Physiology, Karolinska Institutet, Stockholm

THE olfactory receptor cell is a bipolar neuron with a peripheral extension,
from which a number of hairlike filaments protrude into the mucus cover-
ing the epithelium. The afferent nerve fibre emerges from the proximal
pole of the cell and runs together with fibres from adjacent cells in small
fascicles to the brain. This small neuron and its processes exhibit some
rather remarkable functional features. It is able to detect minute amounts
of certain substances and to transduce the stimulus into a coded message
that provides the brain with information about the nature and strength
of the stimulating agent. How the cell carries out this function has for
long been a challenging problem to physiologists and biochemists. It is
the aim of the present paper to discuss some of the problems concerning
the transformation of the events in the receptor membrane into the elec-
trical signals carried to the brain.

One of the basic problems in the study of the function of the olfactory
sense organ concerns the question of which part of the primary neuron
serves as the sensory element. Various parts of the cell, such as the olfac-
tory rod, the vesicle or the hairs, have been suggested to represent the
chemosensitive portion of the cell. The experimental evidence supports the
view that the primary reaction between the stimulating agent and the
neuron takes place in the membrane of the hairs. The morphological fea-
tures of these structures seem to vary greatly from one species to another.
In the frog the hairs have a length varying from 20 to 2001 and form a felt-
work of densely interwoven filaments close to the surface of the mucus
layer. This feltwork may be regarded as the sensory membrane and chemo-
electrical transducer of the olfactory apparatus.

In spite of all the efforts to evaluate the mechanisms underlying the
action of the odorous particles on the receptors we still don’t know what is
the essential stimulus. A number of theories have been advanced which
assume that the olfactory membrane is excited by some sort of radiation
emitted from or absorbed by the particles. Experimental evidence speaks
strongly against these theories. It has, for instance, been demonstrated
(Ottoson, 1956) that the olfactory receptors cannot be excited when they
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are separated from the odorous particles by a thin membrane. We may
therefore safely assume that in order to excite, the odorous particles must
be brought into contact with the receptors.

The events that take place in the sensory membrane after the particles
have reached the receptors have been the subject of a great deal of specula-
tion. It seems most likely that the first step in the excitatory process in-
volves the adsorption of the molecules on the membrane. It has been
suggested by Beets (1962) that this stage also includes an orientation of the
molecules so that they fit into certain sites of the membrane. It is generally
recognized that the steric configuration of the molecule is of essential

FiG. 1. The electro-olfactogram. Response obtained from the frog’s nasal
mucosa to stimulation with butanol vapour. Vertical line 1 mV. Time bar
2 sec. (From Ottoson, 1956.)

importance. At the present state of knowledge no definite conclusion can be
drawn as to the interaction and relative significance of the various factors
which may influence the action of the substance on the end organs. In dis-
cussing the processes that may precede excitation, the possibility has also
to be taken into consideration that the action of the stimulating agent may
be mediated by the release of some intermediary substance. It has been
suggested by Nachmansohn (1959) that ACh might participate in the
normal process of excitation of sensory endings. Experimental tests on the
effect of ACh on various types of sensory end organs have shown that ACh
initiates a discharge in some types of endings, whereas others are unaffected.
The effect of ACh on the olfactory receptors has been studied by Skouby
et al. (1954) who found that topical application of ACh produced an in-
creased olfactory sensitivity. However, the observation that anticholine-
sterases do not block the activity of the olfactory receptors (Ottoson, 1962)
indicates that ACh does not participate in the excitatory process. What-
ever intermediary process might be involved, the ultimate effect of the
odorous particles on the receptors is a reduction of their membrane poten-
tial. This change is the first step in the excitatory process that is amenable
to direct examination.
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The electrical response evoked when a small volume of odorous air is
passed over the mucosa consists of a purely monophasic negative potential
with a fast rising phase and an exponential fall (Fig. 1). This response is
the generator potential of the olfactory organ and is homologous to poten-
tials of the same type recorded from other sense organs. The configuration
of the potential is influenced by a number of factors such as the parameters
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FiG. 2. Relation between amplitude of the electro-olfactogram and the stimulus
strength. (From Ottoson, 1956.)

of the stimulus and the local conditions in the mucosa. In the frog, an air
puff of a duration of about 1 sec. and of low or medium stimulus
strength gives rise to a response that lasts for 4 to 6 sec. Compared with the
corresponding potentials in other types of sense organs, the response of the
olfactory membrane is relatively slow. This is to be expected, considering
the fact that the exciting odorous particles have to pass through a layer of
mucus before they reach the receptors. Excitation may therefore be
assumed to take place gradually, its time-course being a function of the
number of particles which reach the receptor per time unit. The temporal
course of the excitatory process also depends on what may be called the
“ lifetime ” of the odorous particles, i.e. the time that passes until they
become inactivated.

The potential recorded from the sensory epithelium in the nasal mucosa
is a mass response and as such it tells us very little about the function of
the individual receptors. Nonetheless the response may provide informa-
tion that might be useful for the evaluation of the function of the peri-
pheral olfactory apparatus. By using the potential as an index of the
activity of the olfactory membrane, the effect of different substances can
be quantitatively measured. This method has been particularly valuable
in studies on the relation between the physicochemical properties of
different odorous compounds and their stimulating effects (Ottoson, 1958).
By measuring the increase in amplitude of the response with increasing
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stimulus intensity it has further been possible to evaluate the stimulus—
response relationship of the olfactory organ (Fig. 2).

It is a common experience that the duration of the olfactory sensation
varies for different substances. Some produce a short-lasting effect, while
others give rise to a more persistent sensation. A comparison of the
responses evoked by different substances of equal stimulus intensities shows
that they may differ considerably in duration (Fig. 3). No systematic

FiG. 3. Responses to different types of stimuli. A, amyl acetate ; B, butanol ;
C, oil of cloves. Vertical line 1 mV. Time bar 1 sec. (From Ottoson, 1956.)

study has as yet been made about the relation between the time-course of
excitation in the olfactory membrane and the properties of the stimulating
substance. It seems most likely, however, that the solubility properties
and the vapour pressure of the stimulus are of decisive importance with
respect to the onset and duration of the response. It is of particular in-
terest to note that corresponding differences have also been demonstrated
in the time-course of the discharge in the secondary pathways (Adrian,
1951). These observations show that the temporal characteristics of the
response are encoded in the pattern of the impulse discharge carried to the
olfactory cortex and may serve an important function in the discrimination
of different substances.

The notion seems to be widely held that the olfactory receptors adapt
rapidly. However, this view is not supported by the results obtained in
electrophysiological studies. In recording the olfactory discharge of the
secondary neurons in the bulb of the rabbit, Adrian (1950) found that each
inspiration of odorous air was followed by a distinct burst of impulses
with no appreciable decrease of the activity for a period of 1 hr. or
more. This observation clearly showed that the receptors are able to
maintain their activity during prolonged periods of stimulation. Further
evidence on this point has been obtained in recordings of the response of
the olfactory membrane. As shown in Fig. 4, a potential with a sustained
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plateau phase is produced when a continuous stream of air is passed over
the olfactory mucosa. The level of the plateau in relation to the initial
peak of the response is a direct measure of the adaptation of the receptors.
With a stimulus of low or medium intensity this level amounts to 50-60
per cent of the height of the initial peak. The fact that this potential level
is maintained with very little decline brings direct evidence that the olfac-
tory receptors have to be classified as comparatively slowly adapting end
organs. This is also evidenced by the slow decline of the response during

Fi1G. 4. Adaptation of the olfactory receptors. Responses obtained from the

rabbit’s nasal mucosa to stimulation with a constant stream of odorized air.

Duration of stimulation : A, 0.5 sec. B, 1sec. C, 3 sec. Vertical line ImV.
Time bar 0.5 sec. (From Ottoson, 1959a.)

repeated stimulation of the nasal mucosa. How are we then to explain the
fact that an odour that at first appears strong rapidly weakens and soon
becomes imperceptible? Adrian (1950) has suggested that this phenomenon
may be explained by the fact that the incoming signals are suppressed by
the intrinsic activity of the bulb. It is also likely that the efferent system
(Kerr and Hagbarth, 1955) participates in this inhibitory action. Even if
we accept this explanation, we are still faced with the difficulty of explammg
the regularity of the adaptive process.

It has been demonstrated that the potential recorded from the olfactory
membrane is not affected by antidromic stimulation of the olfactory nerves.
This fact shows that the membrane producing this potential does not par-
ticipate in the impulse activity. The potential generated by the receptors
spreads electrotonically in the nerves and by reducing their membrane
potentials initiates the afferent discharge. It has been demonstrated in
studies on the impulse initiation in the lobster’s stretch receptors (Edwards
and Ottoson, 1958), in spinal motorneurons (Coombs ef al., 1957), as well
as in the giant cells of Aplysia (Tauc, 1962), that the cell body does not
participate in the production of impulses. These findings may also apply
to the olfactory primary neurons. If this view is correct the impulse
initiation in the olfactory fibres would occur through the electrotonic
spread of the potential generated by the hairs to the olfactory rod and cell
body and further out in the axon where the impulse would be set up at the
portion with the lowest threshold.

The extreme fineness of the olfactory fibres has been the major obstacle
to the study of the characteristics of the afferent inflow and particularly to
the successful analysis of the activity in single units. Some of the pro-
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perties of the fibres, such as their conduction velocity and excitability cycle
may, however, be examined by recording the activity in response to elec-
trical stimulation. Amphibians and certain fishes are particularly useful
preparations for such studies since the olfactory fibres in these species are
grouped together into one single nerve trunk. Gasser (1956) has demon-
strated that the spike potential of the pike’s olfactory nerve consists of one
single wave. The response of the frog’s olfactory nerve (Fig. 5) has the

FiG. 5. Action potential of the frog’s olfactory nerve. A, superimposed records

of responses to electrical stimulation of increasing strength. Vertical line

0.5 mV. Time mark 50 msec. B, superimposed records showing the relative

refractory period of the olfactory nerve. Vertical line 200 £V. Time bar 100 msec
(From Ottoson, 1959c¢.)

same characteristic appearance (Ottoson, 1959¢). The simple configuration
of these responses can be attributed to the fact that all the fibres have
approximately the same diameter (Gasser, 1956 ; de Lorenzo, 1960).
Owing to their small dimensions conduction velocity is very low. In the
pike, Gasser (1956) found the velocity to be about 0.2 msec. In the
frog, the olfactory fibres conduct at a velocity of 0.14 msec. These find-
ings indicate that time is of relatively little importance in the transmission of
the olfactory message to the brain. In providing the olfactory cortex with
information about the chemical environment, the absolute sensitivity of the
olfactory receptors and their ability to function as peripheral analysers are
most certainly far more important.

The transmission of the olfactory signals from the afferent fibres to the
secondary neurons takes place in the glomeruli in the bulb. For the under-
standing of the function of the olfactory system it is important to note that
there are no synaptic connections between the sensory cells in the mucosa.
An interaction between the primary cells, resulting for instance in an
inhibition of the type seen in the Limulus eye (Hartline et al., 1956) is
therefore less likely to occur. Each receptor cell with its axon functions as
an independent input channel to the bulb.

As shown in Fig. 6, natural stimulation of the olfactory mucosa gives
rise to a slow potential change in the bulb. Superimposed upon this
potential there are regular oscillations which in the frog have a frequency
of 8-12 per sec. The experimental evidence suggests that the slow potential
comes from the dendritic network in the glomeruli and that it is of the same
nature as the enduring potentials recorded from sensory cortical areas
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(Arduini et al., 1957). The induced waves are blocked by antidromic
stimulation of the secondary olfactory pathways and are therefore most
likely to be attributed to activity in secondary neurons. There is a close
resemblance between the potential developed in the olfactory membrane

Fig. 6. Simultaneous recordings of the electro-olfactogram and the bulb
response. Vertical bars 1 mV. Time mark 1 sec. (From Ottoson, 1959b.)

and the slow response of the bulb (Fig. 6). This is of particular interest as
the bulb response may be regarded as of the generator type. As such it
forms the link between the incoming signals and the impulse message
carried to the olfactory cortex. Information about the functional pro-
perties of the bulb has also been obtained in studies of the response pro-
duced by electrical stimulation of the olfactory nerve fibres. The response
developed by the bulb at the arrival of a synchronous volley of afferent
impulses consists of a negative potential with a duration of about 150 msec.
This response (Fig. 7) is composed of two separate components which may

Fic. 7. Response of the olfactory bulb to repetitive electrical stimulation (1 sec)
of the olfactory mucosa. Vertical line 1 mV. Time mark 100 msec. (From
Ottoson, 1959¢.)
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be segregated under various experimental conditions, Thus it has been
demonstrated that the first component builds up a persisting potential
during repetitive stimulation (Fig. 8), whereas the second component is

Fic. 8. Summation of the initial phase of the bulb response. Repetitive stimula-
tion: A, 10; B, 15; C, 20; D, 50/sec. Vertical bar 1 mV. Time mark
200 msec. (From Ottoson, 1959c¢.)

unable to follow stimulation frequencies above 1 per sec without being
considerably reduced in height. In has therefore been concluded that the
first component is of synaptic origin, while the second one seems to reflect
the activity in the secondary pathways. If this view is correct the first
component would correspond to the slow potential of the bulbar response
evoked by natural stimulation, while the second component would be

Fic. 9. Structural organization of the olfactory bulb, (From Van Gehuchten
and Martin, 1891.)
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produced by the same structures that give rise to the induced waves.

The structural organization of the synaptic connections between the
primary olfactory fibres and the secondary neurons exhibits some interest-
ing features (Fig. 9). The presynaptic endings make contact exclusively
with the dendrites of the postsynaptic cells and not with their cell bodies.
The first synapse in the olfactory system therefore represents a purely axo-
dendritic interneuronal contact. Such a form of synaptic connection is
typical of the nervous system in invertebrates and in some lower vertebrates.
In higher vertebrates the majority of the synapses in the central nervous
system are axo-somatic, i.e. the presynaptic fibres make direct contact with
the cell bodies of the next neurons. This form of connection is considered
to provide possibilities for a more efficient and rapid transmission of
impulses than the primitive axo-dendritic synapses, where the impulses
in the postsynaptic units are set up without any direct action on the cell
bodies. There seems further to be reason to believe that the transmission
in an axo-dendritic synapse occurs through a graded depolarization that
spreads electrotonically along the dendrites towards the cell body. This
implies that the signals are transmitted more slowly than in systems where
the impulses are passed from one unit to another by axo-somatic connec-
tions. The unique organization of the olfactory synapse as represented by
the densely interwoven nerve-nets of the glomeruli certainly also involves
other functional characteristics. It is most likely that the arborization of
the dendrites in the glomeruli has the function of collecting the incoming
impulses, thereby securing the transmission of the olfactory signals. It
is also possible that the glomeruli possess a functional specificity in the
sense that fibres from receptors with similar sensitivity properties are
directed towards particular glomeruli.
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OLFACTORY, VOMERONASAL AND TRIGEMINAL
RECEPTOR RESPONSES TO ODORANTS

DoN TUCKER*

SEVERAL years ago Beidler and Tucker (1955) discovered that one could
record activity from the primary olfactory nerve in response to odorous
stimuli. Typically, a small strand of the nerve is freed and cut centrally so
as to form a peripherally directed twig, which is then placed on two Pt-Ir
wire electrodes. Ringer’s solution is replaced with mineral oil and dif-
ferential recording employed. It is true that considerable practice is
required for successful dissection. But for those who use electrical record-
ing techniques there is an easier method that will demonstrate the nature
of the activity recorded. One must remove the investing membranes from
a small portion of the bulk of the nerve in a location that permits the
physiological solution to be drained off and replaced with oil. Contacting
the exposed surface of the nerve with a small electrode often yields sur-
prisingly good records. Alternatively, the conducting solution may be left
in place and the surface of the nerve contacted or penetrated with a small
wire that is insulated except at the tip (Mozell, 1961). As might be expected,
however, twigs raised up into oil give a higher signal-to-noise ratio and are
stable over long periods of time.

I would like to mention questions that our research has raised and to
submit incidental observations rather than to concentrate on polished
results. My hope is that we can encourage electrophysiologists who
specialize on the bulb or the nerve or the mucosa to examine the other
recording sites, for general familiarity on the part of all will surely work
toward our collective benefit. We may note that the major part of this
symposium is devoted to gustation and that the taste receptor cell 1s dis-
tinct from the synapsing nerve fiber. There is a tendency to regard the
olfactory receptor and nerve fiber as being unique because they are part
and parcel of the same cell. But this is also true of the vomeronasal and
trigeminal sensory systems. These three nasal sensory systems will be
discussed for the domestic rabbit and a land tortoise known as Gopherus
polyphemus.

*This investigation was carried out during successive tenures of a Predoctoral Fellowship
(BF-7977) from the National Institute of Neurological Diseases and Blindness and Pre-
doctoral (2G-436) and Postdoctoral (2B-5258) Traineeships from the United States Public
Health Service.
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TORTOISE
The head of a tortoise preparation is shown in Fig. 1, which is to orient
the openings shown in greater detail in Fig. 2. In the trephined opening the
main and accessory olfactory bulbs and the intracranial portions of the

Fic. 1. Experimental arrangement for neural recording. The view of the tor-
toise’s head is from above and in front.

olfactory and vomeronasal nerves are visible. The cut edges of the dural
and pial membranes may be seen also. In the nasal exposure strands of
olfactory nerve are prominently visible through the intact cartilage of the
nasal capsule. Olfactory and vomeronasal twigs may be picked up intra-
cranially, but trigeminal twigs must be got from within the capsule. For
this purpose the trephine opening is advanced to overlap the rear of the
nasal cavities. A prominent branch of the trigeminal nerve enters the
nasal capsule ventrolaterally to the olfactory nerve and then curls up
around it, splaying out in numerous branches distributed to the dorsal and
medial nasal mucosa and to tissues external and anterior to the capsule.

Basic Techniques

Twigs from the medial part of the olfactory nerve project to the septal
mucosa. With a window to the olfactory cavity as in Fig. 1, a stimulating
electrode may be introduced and the mucosa explored for responses in a
twig on the recording electrodes (Fig. 3). Alternatively, the intracranially
situated twig may be stimulated electrically and the distribution of the
antidromic compound action potential mapped on the mucosa. The
olfactory receptors associated with a small twig of the nerve often fall in a
slightly elongated area of less than one square millimeter.
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Fig. 2. Cranial and nasal exposures. The diameter of the trephined hole is
12-13 mm. The transverse dimension of the nasal exposure is about 9 mm.
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Most often the nose is left intact for experimentation with odorous
stimuli. In general, it is difficult to recognize discrete units in the activity

FiG. 3. Compound action potentials recorded from a twig of olfactory nerve in
response to electrical stimulation of the olfactory mucosa. Differential recording
with d.c. amplifier.
recorded from olfactory and vomeronasal twigs. But if the twig is suffi-
ciently small and the background activity is not too high, one can get
results such as are shown in Fig. 4. Nineteen hours later the preparation
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had deteriorated sufficiently for the response to butyl acetate to appear as
in Fig. 5. There seems to be no way to determine whether discrete activity
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Fic. 4. Continuous record of discrete activity and response to butyl acetate
obtained from an olfactory twig of diameter estimated at 12-15sx.

of this nature represents impulses in individual fibers or possibly groups of
fibers acting in concert (Adrian, 1956).

Ten microns in diameter is about the lower limit of size for twigs to be
handled readily and some even larger than 100 yield good records. In any
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event, narrow bandwidth amplification is useful for maximizing the signal-
to-noise ratio. The fidelity of reproduction is low as a consequence, but
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FiG. 5. Response to butyl acetate recorded 19 hr later from the preparation of
Fig. 4.

little is gained by extending the upper frequency limit because of the
increase in noise. Records obtained (a.c. and d.c.) simultaneously from an
olfactory twig estimated to be 30z in diameter are shown in Fig. 6. The
animal was tracheotomized and for each odor a brief puff of air was directed
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into the naris from a polyethylene wash bottle containing the odorant.
Superimposed on the ** slow potential > recorded with the d.c. amplifier
is the * asynchronous activity ” recorded with the a.c. amplifier. It seems
natural to conclude that the d.c. record represents summation of action
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Fi1G. 6. Records obtained (a.c. and d.c.) simultaneously from an olfactory twig
about 30x in diameter. Both amplifiers were driven from one cathode follower
connected to the recording electrodes.

potentials at the recording electrodes. A twig so small as 104 in diameter
could contain an upper limit of 2500 fibers uniformly 0.24 in diameter
(Gasser, 1956).

Recording of slow potentials from the olfactory mucosa is a technique
that has become popular and for such records Ottoson (1956) has proposed
the name electro-olfactogram. It is also possible to record asynchronous
activity from the olfactory mucosa. However, the nerve is the best site
for recording asynchronous activity and the mucosa appears to be the
best site for recording slow potentials. An electrode similar in design to
Ottoson’s, except that polyethylene instead of glass tubing was used, was
inserted through a small hole in the top of the nose and the residual open-
ing closed with silicone high-vacuum grease. Air was flowed through the
nose at constant rate and amyl acetate of various concentrations intro-
duced. The d.c. record is shown in the first trace of Fig. 7 and the asynch-
ronous activity after passage through Beidler’s (1953) “ integrator
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circuit is shown in the second trace. Positioning of the electrode tip is
critical for recording asynchronous activity from the mucosa. A very smalli
advance after the initial contact with the mucous surface is optimal, pro-
vided that the layer of mucus is thin.
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FiGg. 7. Olfactory mucosal recording with Ag-AgCI-Cl- electrode. The first
trace is output from the d.c. amplifier recorded directly and the second trace
is output from the a.c. amplifier after passage through Beidler’s integrator circuit.

Many of our data are in the form of integrator records taken with a.c.
amplification because they are easily obtained and quantified. Stimulus
quantification is achieved with a dilution type olfactometer to vary con-
centration of odorant, a system to control nasal flow rate and a switching
mechanism to alternate between clean and odorous air independently of
nasal flow rate (Tucker, 1962).

Olfactory-Vomeronasal Comparison

It was a surprise to find the vomeronasal receptors in the tortoise res-
ponding to odorants as readily as do the olfactory receptors. There would
appear to be no doubt about identification, for the termination of the
vomeronasal nerves in the accessory olfactory bulbs is definitive, as may be
seen in Fig. 2. Besides, one can readily distinguish between the two kinds
of receptors after a little practice by testing with selected odorants. This
is conveniently done with the puff technique of stimulation, using wash
bottles containing small quantities of the odorants. The intensity of
stimulation is varied by controlling the strength of the squeeze and the
distance between the tip of the nozzle and the naris.

The basis for comparison in simultaneous recording experiments is
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adjustment of the stimulus to yield moderate responses from either or both
kinds of receptors. The vomeronasal response tends to predominate for the
lower members of a homologous series of compounds. It is larger for
methanol and ethanol as shown in Fig. 8 and for all the succeeding alcohols

Fic. 8. Vomeronasal (first trace of each pair) and olfactory responses recorded
simultaneously. Differential nature of the responses is illustrated.

the olfactory response is larger. In the fatty acid series the cross-over from
vomeronasal to olfactory predominance occurs in going from iso-valeric,
after n-butyric, to n-valeric acid. The olfactory response is larger for the
acetate esters of all the aliphatic alcohols.

The vomeronasal organ, or organ of Jacobson, in Gopherus opens into
the nasal cavity via a tubular duct that is relatively small. One might
expect that the olfactory receptors should be more readily stimulated, but
no consistent difference in latency between responses of the two kinds
was seen (Fig. 9). How can odorant molecules penetrate to the sensory
epithelium lining the organ of Jacobson as readily as to the much more
accessible olfactory organ ?

The vomeronasal organ is housed in a projection from the wall of the
nasal septum. This projection has the appearance of a baffle, such that the
respiratory passageway is deflected laterally before descending on its route
to the choana in the roof of the mouth. The histological section shown in
Fig. 10 is through the organ at a level where the vomeronasal nerve is
breaking up into branches. Notice the proximity of the epithelial surface
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at the posterior boundary of the nasal vestibular chamber. Although this
problem is still unresolved, I believe it likely that the vomeronasal nerve
innervates this highly accessible patch of tissue in the anterior part of the
nasal cavity. Actually, it is probably doubtful that receptors in the organ
of Jacobson proper were ever stimulated in these experiments.

FiG. 9. Same preparation as for Fig. 8. Inconsistent difference in latency between
vomeronasal (first trace of each pair) and olfactory responses is iltustrated.

Olfactory Study in Detail

An apparent difficulty in the use of cold-blooded animals under anes-
thesia is the paucity of active respiratory movements. We tested tricaine
methanesulphonate (MS 222—Sandoz), but it was difficult to keep the
animal at such a level of anesthesia that respiration was frequent but that
no struggling occurred. Figure 11 shows integrated olfactory responses
occurring during free respiration. FEach increase in response coincides
with inspiration. The response is a function of the rate and depth of
inspiration, which can be vexing when the animal’s breathing is irregular.

Most experiments were performed with the animal tracheotomized and
under ethyl urethane anesthesia. The choana was cannulated and air was
drawn through the nose, which was fitted into a port in the side of a
cylindrical glass breathing chamber. Air flowed into the breathing cham-
ber at a constant rate of 100cm3/sec. That which was not drawn into the
naris passed the tip of the nose at right angles and exited freely to atmo-
spheric pressure. A flow-splitting system was arranged to switch between
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odorous and clean air without altering the flow rate into the breathing
chamber.

(@) Relative humidity, gaseous medium, and temperature. Olfactory
responses to amyl acetate in the concentration range of 103 to 102 of

Fic. 10. Section through Jacobson’s organ approximately parallel to the sagittal
plane, stained with Gomori’s trichtome. The naris is to the left. The maximum
linear distance in the lumen of Jacobson’s organ is about 1 mm. Heavily stained
bundles of trigeminal nerve appear directly above the organ. Lightly stained
bundles of vomeronasal nerve appear above the trigeminal nerve tissue and
extend into the region between Jacobson’s organ and the nasal vestibule.

saturation at 20°C were independent of relative humidity. An effect of
dry air was to accelerate deterioration of the preparation, which was
evident only at high nasal flow rates.

Nitrogen, oxygen, argon and mixtures thereof were tried in place of air
as the carrier gas for amyl acetate. No effect on the phasic (initial) olfactory
response was seen. Second-order effects on the tonic olfactory response to
amyl acetate and background olfactory activity were seen upon exclusion of
oxygen or introduction of carbon dioxide (Tucker, 1962).

Temperature variation over the range of 20-30°C had practically no
effect. Amyl acetate concentrations were maintained in terms of saturation
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at 20°C, but the temperatures of the preparation and of the gas delivered
to the naris were varied together. Over the range of 10-35°C the inte-
grated olfactory response increased slightly with decrease in temperature
for a constant mole fraction of amyl acetate. The response in terms of
nerve impulses per unit time might decrease with a decrease in tempera-
ture, since broadening of the impulses with cooling would cause greater
individual contributions to the integrator record.

FiG. 11. Integrated olfactory responses recorded during free respiration, which
was of intermittent nature. Between the first and second groups in the first trace
a cigar was lit and smoke was blown at the animal near the end of the second
group. In the second trace cleaned air and amyl acetate at 10-7/% of air saturated
with the odorant were delivered to the breathing chamber from the olfactometer.

(b) Odorant, concentration, and nasal flow rate. Odorant species, odorant
concentration and volume flow rate of the odorous medium into the naris
are the important parameters, among those which can be specified external
to the nose, for determining the olfactory response. This is also true for the
other nasal sensory systems that respond to odorants. Figure 12 illustrates
flow rate and concentration dependence for the responses of two olfactory
twigs to amyl acetate. The figure also introduces an intranasal parameter
of importance for determining the response—position of receptors in the
olfactory organ. It need hardly be pointed out that Adrian (1956, 1951)
deduced from olfactory bulb recordings the variation of the stimulus over
the organ. One may say that the accessibility of odorant molecules to the
receptors is different for various locations in the organ. Matters are com-
plicated further by the finding that olfactory accessibility can be varied by
changes in the physical dimensions of the nasal cavities,
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Phasic olfactory responses are graphed as a function of flow rate for
two odorants in Fig. 13. Periodic testing with amyl acetate showed that
the olfactory accessibility was considerably greater during collection of the
benzyl amine data than it was for the amyl acetate run. Thus, the curves

Fi1G. 12. Comparison of integrated olfactory responses, recorded simultaneously

from two nerve twigs, for variation of nasal flow and concentration of amyl

acetate. The unit of concentration is saturation at 20°C. Stimulation procedure
was odor on 5 sec of every 20 sec followed by 1 min on.

for benzyl amine would be shifted to the right if the accessibility were re-
duced to the level that existed during the amyl acetate run. The maximal
response to benzyl amine is sizably greater than that to amyl acetate. By
contrast, the maximal response that can be obtained with butyric acid is
much smaller than either of these. For a sufficiently low concentration of
amyl acetate, the response as a function of nasal flow rate reaches a maxi-
mum that is less than the characteristic maximal value.

Plateauing of the olfactory response with nasal flow rate, in the range
that is physically possible, appears to correlate with low aqueous solubility
of odorants, although only a few have been examined. Response depend-
ence on the flow rate clearly reflects the need to deliver odorant molecules
to the receptor sites. The solubility relation suggests that plateauing is
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caused by an approach to equality of odorant chemical potential in the
medium of the receptor sites with that in the gaseous medium entering the
naris, which is known. Since this discussion applies to the phasic olfactory
response, the odorant thermo-dynamic activity specified at the receptors is

T T T T = ™ —0
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FiG. 13. Phasic olfactory responses graphed as a function of nasal flow rate for
two odorants. Unit concentration is air saturated at 20°C.

that which is attained in a time of the order of a characteristic time inferred
for initiation of the response. It may be possible, then, to relate the res-
ponse of the receptor to the stimulus at the level of the receptor. Indeed,
olfactory responses to amyl acetate taken in the range of flow rate for
plateauing of the response were found to be quantitatively similar in dif-
ferent preparations. Response data as a function of concentration were
fitted with Beidler’s (1961) taste equation for two different sets of inde-
pendent sites. The algebraic form of the equation is

Ry Ky [A] Ry K, [4]

1+ K, [4] 1+ K;[4]

and the transcendental form for the semilogarithmic plot is

r= %‘ (1 + tanh § In K, [A4] + f;i (1 + tanh § 1n K, [4],

where r; is the response (r = Xr)

R; is the maximal value of response

K; is the equilibrium constant

[A] is the concentration of amyl acetate
i is the site index.
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More correctly, one should use double-subscript notation to identify both
the kinds of site and kinds of odorant. The numerical values found for the
constants in the equation are

R,
=25
R, ’
K, = 17,800 reciprocal concentration units
and K, = 274 reciprocal concentration units,

where the unit of concentration is air saturated at 20°C with amyl acetate.
It would be valuable if a way could be found to determine the absolute
value of response in terms of nerve impulses per receptor and unit of time.
Dr. Shibuya’s current work in our laboratory may point the way to this
goal.

(c) Aqueous solutions of odorants. Systematic study showed that the
minimum requirements for a solution to approximate the normal mucous
environment of the receptors is osmotic pressure about equal to that of the
blood and the presence of calcium ions. The solution devised for Gopherus
contains 1.4 mM CaCl, and 0.17 M NaCl or its osmotic equivalent of
sucrose. Freshly made solutions invariably contained contaminating
odorants. Slow percolation through activated cocoanut charcoal, pre-
viously equilibrated with the solution, reduced odorous contamination to
tolerable levels. The subject of unwanted odors is highly practical and
has not received the attention due it, but the whole of this paper could
easily be devoted to the topic.

Olfactory receptors were found to be insensitive to variation of ionic
strength, to variation of pH over several units and to variation of osmotic
pressure over a range of about +- 20-25 per cent. Increase of calcium ion
concentration to many times the 1.4 mM level had negligible effect on the
background neural activity (contaminating odorants ?), but with decrease
below that level the activity rose rapidly. Solution free of calcium ions
flowed continuously through the olfactory cavity initially causes intense
receptor activity and after a few minutes the receptors are killed. The
animal’s freshly spilled blood is intensely stimulating to the olfactory
receptors, but no harm seems to be done. Bleeding occurs when the
opening to the olfactory cavity is made in the top of the nose (Fig. 1).

Aqueous solutions were introduced through the cannula in the choana
and flowed out the window in the top of the nose. The naris was plugged
loosely with cotton. Cleaned solution medium was used to make up various
concentrations of odorants. Control apparatus was arranged to alternate
the flow between solutions with and without added odorant. The records
obtained in these experiments were remarkably similar to those taken with
the same odorants introduced in the gaseous phase. Vomeronasal and
olfactory responses recorded simultaneously are shown in Fig. 14. The
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differential nature of the responses made by these anatomically similar
nerves to butyric acid and amyl acetate is quite evident. The tonic (steady
state) olfactory response is notable at the higher concentrations of butyric
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F1G. 14. Integrated vomeronasal and olfactory responses to odorants introduced

in an aqueous solution medium. Stimulation procedure: flow at 1/3 ml/sec of

cleaned solution was initiated. After about 1 min flow was switched to odorous

solution for 5 of every 30 sec twice and then for 60 sec.

acid. However, other odorants produce a similar though not so marked
depression at high concentrations. Both kinds of receptors, vomeronasal
and olfactory, developed injury discharges at the highest concentration of
butyric acid. Other odorants produce this effect too.

Trigeminal Receptors and Autonomic Effectors

Trigeminal receptors that respond to odorants appear somewhat more
similar to the vomeronasal receptors in the kinds of odorant to which they
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respond readily, but amyl acetate is an exception. Although the vomero-
nasal response to amyl acetate tends to be small, it appears shortly after the
olfactory response with increase of concentration. On the other hand, the
trigeminal response has a well-defined threshold lying between 10~% and
10719 of amyl acetate at saturation. This is one reason why amyl acetate
has proved so useful in our work, for nearly all the reflex effects under
anesthesia that we have seen appear to be stimulated by trigeminal activity.
In the discussion of Fig. 13, it was noted that for the receptors being
monitored, the olfactory accessibility was greater during the benzyl amine
run than during the amyl acetate run. The trigeminal response exhibited a
strong flow rate dependence as did the olfactory response, but the trige-
minal response appeared first either with increase in concentration of
benzyl amine or increase of nasal flow rate. We believe that the cause of
the change in olfactory accessibility was due to changes in the nose pro-
duced by reflexes in response to trigeminal receptor stimulation. A similar
change in olfactory accessibility was often seen for temperature in the
range of 10-15°C. :

An important mechanism for variation of olfactory accessibility is surely
the changing of physical dimensions within the nasal cavities. Such a
change can be demonstrated by stimulating electrically the cervical sym-
pathetic nerve in a preparation with a window in the top of the nose. The
size of the aperture between the vestibular chamber and the olfactory
cavity proper is reduced markedly with activation of the sympathetic
effectors. The effect on the olfactory response to an odorous stimulus of
constant parameters at the level of the naris is shown in Fig. 15.

FiG. 15. Reduction of phasic and tonic olfactory responses caused by electrical
stimulation (bars) of the cervical sympathetic nerve. Constant flow through the
nose at 1 msec and amyl acetate concentration in air held at 10-%5 of saturation.

Amyl acetate concentration was varied up through 10-1-5 of saturation
for the records of the mucosal potential shown in Fig. 7. The electrode
invariably lost contact with the mucosa whenever 1079 amyl acetate was
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presented. Thus it is now evident that movement of the mucosa relative
to the tip of the electrode occurred.

Trigeminal activation is often accompanied by profuse flow of nasal
secretions. An increase in the rate of mucous secretion from the olfactory
mucosa and in the rate of flow of mucus over it would conceivably reduce
the accessibility of odorant molecules to the receptors.

RABBIT
Although we have invested much more work in studying the rabbit, the
results are not so extensive for this animal as for the tortoise. The anes-
thetized rabbit seems to be a comparatively poor preparation for recording
from the primary olfactory nerve. We believe that in large part this is

Fic. 16. Rabbit olfactory response for amyl acetate concentration series in 1/4
log steps.
because of the greater geometrical complexity of the nasal anatomy.
Hopefully, Dr. Moulton’s (this Symposium) work with implanted electrodes
will reveal the nature of some of the differences we can expect to find for
rabbits in the conscious and anesthetized states.

Olfactory Receptors

Most olfactory twigs were picked up from the dorsomedial aspect of the
nerve at the level of the cribriform plate. These twigs project to areas in
the mucosa high up on the septal wall and over onto the lateral arch.
Fortunately, this seems to be one of the most accessible portions of the
organ for olfactory stimuli.

Olfactory responses recorded during free respiration for a concentration
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series of amyl acetate are shown in Fig. 16. The question is frequently
asked whether the olfactory receptors show adaptation, or is adaptation of
olfactory sensation largely a central nervous system phenomenon? The
answer is that phasic responses occurring with free respiration are main-
tained indefinitely for low levels of response, but for more intense stimula-
tion the responses decrease to a level which is maintained thereafter. Such
depressed levels of response can approach complete absence of activity
for some odorants. e.g. chloroform. However, for continuous stimulation
achieved with unidirectional flow of odorous medium through the nose,
the tonic response is always less than the phasic response. One presupposes
elicitation of the phasic response, for which it is necessary to attain the
stimulus concentration in a sufficiently short time. Figure 16 shows also
that after long exposure to a high concentration of amyl acetate there is a
considerable time required for the residue of odorant to fall below a detect-
able level.

A strong flow rate dependence of the rabbit olfactory response to amyl
acetate is shown by the records in Fig. 17. There is no evidence of plateau-

FiG. 17. Flow rate dependence of rabbit olfactory response.

ing of the response as was typical for the tortoise. But it is difficult to
flow air through the passive nose of the rabbit at rates approaching the
higher values we believe are often attained momentarily during free respira-
tion. Perhaps with introduction of odorous gas through a surgical window
the flow rate dependence can be reduced sufficiently to get data suitable for
curve fitting.
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Vomeronasal Receptors

The vomeronasal system of the rabbit has proved to be a knotty problem.
Usually there is no sign of response to odorants, yet in some circumstances
there is much variation of vomeronasal neural activity that often appears to
be spontaneous. Preparations are highly individualistic. A procedure
that serves to modify the activity in one is more often than not without
effect in another. Electrical stimulation of the cervical sympathetic nerve,
temporary occlusion of the pharynx with finger pressure applied above the
larynx, probing of the anterior palate and cannula insertion in the canal
of Stenson frequently cause changes in the activity. Spontaneous licking,
chewing and swallowing movements under light anesthesia are commonly
accompanied by fluctuations of vomeronasal receptor activity. Changes
that do occur with introduction of odorous air in the naris seem usually
to be produced reflexly and not to be direct responses of vomeronasal
receptors to the odorant.

However, the records of Fig. 18 contain examples of what I believe are

FiG. 18. Integrator records of activity recorded from rabbit vomeronasal nerve.
Solutions were introduced from the canal of Stenson in sufficient quantity to
appear at the naris.

responses to odorants in aqueous solution. On the basis of experience
with such solutions in the tortoise, the responses with Ringer’s solution
(contaminating odorants), geraniol and tap water (lack of Ca™+) seem to be
genuine. Through a cannula inserted a few millimeters into the canal of
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Stenson 0.3 ml of solution was introduced, which was sufficient quantity to
cause its appearance at the naris, and then the pharyngeal occlusion man-
euver was performed. Hamlin’s (1929) suggestion of emptying and
filling of Jacobson’s organ may be appropriate to this case.

A curious finding was that with replenishment of mineral oil over the
cranial exposure a temporary increase in vomeronasal activity ensued.
Variation of temperature of the added oil showed that local cooling was
the cause. The oil over the brain obviously equilibrates at some tempera-
ture above that of the room. The effect was obtained with active olfactory
and trigeminal twigs, from which it was seen that cooling at the recording
electrodes causes greater duration of impulses (Fig. 19), and consequently,

Fi1G. 19. Oscilloscope traces of sensory activity in ethmoidal nerve twig taken

before and during stimulation with heptyl alcohol ; at temperature equilibrium

of the oil bath for the first pair and after addition near the electrodes of 2-3 drops
of oil at 10-12°C for the second pair. Time marks at 10 and 100 msec.

a greater output from the integrator. The apparent greater sensitivity of
the vomeronasal nerve to local cooling probably means that background
activity of these receptors is high, at least for the conditions of the experi-
ments. Perhaps the vomeronasal receptors are performing in their function
without our recognizing the fact.

Trigeminal Receptors

Oscilloscope tracings of trigeminal receptor activity before and during
presentation of heptyl alcohol are shown in Fig. 19, which demonstrates
also the effect of cooling at the recording electrodes. In general, there is
some background activity, tending to synchronize with inspiration, for
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presentation of clean air from the olfactometer. It is not known whether
this represents chemical, thermal, mechanical or other types of stimulation
of trigeminal receptors. However, for obvious mechanical stimulation the
individual action potential spikes are of much greater amplitude.

The threshold concentration of amyl acetate for the rabbit’s trigeminal
response falls in the same range as for the tortoise, namely 10-1-5to0 10-1'% of
saturation at 20°C. We have not yet found another odorant with as large
a spread between the olfactory and trigeminal threshold concentrations.
In fact, the trigeminal response probably appears first for the smaller mem-
bers of the aliphatic alcohol series. Integrated trigeminal responses to
alcohols are shown in Fig. 20 for the relatively crude stimulation technique
of free respiration into the mouth of a 125 ml Erlenmeyer flask containing a

Fi1G. 20. Integrated trigeminal responses to alcohols. Free respiration and with
odor flash held before rabbit’s nose for 1 min.

small quantity of liquid odorant. The animal’s respiratory rhythm was
unusually depressed, which caused exaggeration of the characteristic build-
up of the trigeminal response. The trigeminal receptors do not appear to
be so exposed to the gaseous environment in the nasal cavity as do the
olfactory receptors. However, the trigeminal response can approach its
limiting value within two or three inspirations in a preparation respiring
briskly. But in such instances the response frequently wanes and waxes
repeatedly with continuous application of the stimulus.

The peak in trigeminal response to hexyl alcohol seen in Fig. 20 is typical.
In livelier preparations octyl alcohol usually causes a small response. By
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contrast, a small olfactory response to decyl alcohol is usually present.
Prominent reflex responses of autonomic fibers distributed to the nose
occur in parallelism with the trigeminal receptor responses, provided that
the animal is not too depressed with urethane anesthesia, Trigeminal
twigs are obtained from the ethmoidal nerve, which arises from the naso-
ciliary nerve within the orbit. At the nasal level the branches of the
ethmoidal nerve contain a rich complement of autonomic fibers. There-
fore, one may record trigeminal sensory activity from a peripherally directed
twig and autonomic motor activity from a centrally directed twig.

Autonomic Effectors

We know very little about the autonomic effectors and their role in nasal
physiology. Electrical stimulation of the cervical sympathetic nerve
commonly causes enhancement of the olfactory response to an odorant
(Tucker and Beidler, 1956). In a preparation suitable for viewing the nasal
interior, sympathetic stimulation causes blanching of the nasal mucosa
and an increase in width of the slit-like passage between the septum and
the ethmoturbinates. The widening undoubtedly increases accessibility of
odorant to the olfactory receptors. Parasympathetic activation by stimu-
lation of the greater superficial petrosal nerve seems to cause more profuse
flow of nasal secretions. If the cervical sympathetic nerve is sectioned
to prevent sympathetic activity of central origin from appearing at the
nasal recording electrodes, presentation of alcohols causes marked increases
of parasympathetic activity with trigeminal activation (Fig. 20).

We had long wondered about the basis for synchronization with respira-
tion of the automic activity to the nose. The ongoing level tends to
increase with depth of anesthesia and to become more synchronized. With
very deep anesthesia the parasympathetic component is highly depressed.
We now know that a mucous rattle in the throat can cause autonomic
activity synchronized with respiration, thus is indicated a reflex mechanism.

The ethmoidal nerve site should be of especial interest to students of
autonomic nervous system function. Let us suggest, for example, the
application of electrophysiological techniques to the study of drug effects.
Small branches of the ethmoidal nerve can easily be dissected free and
from them may be recorded action potential spikes of individual fibers
belonging to both divisions of the autonomic system. The wealth of
motor innervation is demonstrated by the oscilloscope tracings shown in
Fig. 21, although the records are of inferior quality. Unfortunately, the
film driving mechanism in the camera did not maintain constant speed.
The responses shown are far from the maxima, rather the stimulus was
adjusted for approximately equal postganglionic bursts from the superior
cervical sympathetic ganglion and the sphenopalatine ganglion. The
stimulus sites were the cervical sympathetic nerve and the greater super-
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ficial petrosal nerve at the point where it arises from the facial nerve. The
sympathetic nerve was sectioned centrally whereas the facial nerve was not.
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FiG. 21. Postganglionic autonomic responses recorded from ethmoidal nerve
twig for stimulation with 2 msec pulses at preganglionic sites.

CONCLUSION

The kind of odorant and its concentration in the air inspired into the
nose rank as obvious determinants of nasal chemoreceptor responses.
With these must be classified the volume flow rate of odorous medium into
the naris. Either the rate of delivery of odorant molecules to an olfactory
receptor or the effective concentration attained at the receptor within a
characteristic time must be the crucial factor for generating the phasic
response. The latter alternative is consonant with the phasic olfactory
response data for the tortoise. But it is interesting that Stuiver (1958)
chose to consider the stimulus in terms of the rate of absorption of odorant
per unit time and mucosal area. He devised an ingenious equation that
exhibits flow rate dependence and plateauing behavior, but his assumption
that all odorants should be quantitatively similar in these respects appears
inconsistent with the results for amyl acetate and benzyl amine shown in
Fig. 13. Nevertheless, the idea is expressed clearly that odorant is lost
from the flowing medium to the mucous membranes lining the nasal
passages. Therefore, odorant concentration is progressively reduced at
more downstream points.

The assumption that concentration equilibria are quickly established
between the media of the inspired air, the mucus and the receptor sites
(Moncrieff, 1955 ; Davies and Taylor, 1957) appears most applicable to
odorants that are slightly soluble in the mucus. Perhaps one should
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reserve the proviso that no other binding mechanism of appreciable
capacity be active. Stuiver’s (1958) assumption that practically all the
odorant molecules striking the mucous surface are trapped indefinitely
long seems most applicable to odorants of high aqueous solubility.

With increase in capacity of any trapping mechanism there should, of
course, be an increase in flow dependence for the attainment of a given
concentration of odorant molecules at some point within the mucus. The
kinetics of stimulus transport to the vomeronasal and trigeminal receptors
presents interesting problems for study.
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ELECTRICAL ACTIVITY IN THE OLFACTORY
SYSTEM OF RABBITS WITH INDWELLING
ELECTRODES

Davip G. MoULTON

Division of Physiology, Florida State University, Tallahassee, Florida

INTRODUCTION

ATTEMPTS to determine how the olfactory bulb deals with the massive
input from its receptors, and what its discharges reveal about the way
odors are discriminated, have largely been restricted to studies on animals
immobilized by surgery or drugs ; or on the wave activity in the bulb of
chronically implanted animals (e.g. Adrian, 1950 ; 1956 ; Mozell and
Pfaffmann, 1954 ; Mozell, 1958 ; Hernandez-Peon et al., 1960). However,
for a fuller understanding of olfactory processes we must know more about
the behavior of the spike potentials of the bulb, and their relation to
events occurring more peripherally, in animals far removed from the effects
of surgical trauma, anesthetics or neuromuscular blocking agents. Not
only do such compounds profoundly influence central synaptic trans-
mission, but they may also restrict odorant access to the nasal chemore-
ceptors by altering the flow of nasal secretions, or the degree of vascular
engorgement of the nasal mucosa. A sensory system does not normally
function in isolation : its full exploitation demands a complex interplay
of activities in accessory structures; and using electrophysiological methods
we are likely to learn more about its potentialities and its significance for
behavior when it is being actively focused by the animal, than when it is
being artificially stimulated by the experimenter.

The approach to these problems through the use of animals with chronic-
ally implanted electrodes is particularly favored by the anatomy of the
olfactory system. In macrosmatic species, such as the rabbit, the large
bulbs and numerous receptor cell axons laced through the cribriform plate
allow activity to be recorded simultaneously from both primary and
secondary neurones, with little disruption of overlying tissue. In addition,
and despite their rich content of autonomic fibers, the nasal mucosa and
the ethmoidal nerve are also interesting targets, particularly in view of the
potential importance of trigeminal sensitivity in the discrimination of odors
(see Tucker, this symposium). We have recently begun to investigate the
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influence of odors on the activity which can be recorded from these various
sites. In this interim report the nature of this activity and attempts to
quantify the spike discharges of the bulb will be described.

METHODS

With sterile precautions, bipolar stainless steel electrodes (1274 and
63.5x in diameter) were advanced through the floor of a lucite chamber
attached to the skull of a young rabbit anesthetized with pentobarbital
sodium. When the appropriate activity was identified on the oscilloscope
and audio monitor the electrodes were fixed with dental cement and their
free ends soldered to connectors housed in the lucite container. Penicillin
was administered for four days following the operation.

During trials the rabbit wore a Teflon-coated fiber-glass face mask and
was loosely restrained, without compression, in an open wooden box
inside a sound-resistant chamber. The chamber had a one-way glass
panel through which the behavior of the animal could be observed. Glass
and Teflon tubing directed a stream of air, filtered through activated carbon
and silica gel, into the face mask. When necessary, this stream could be
combined in known proportions with air saturated with a test odorant.
Non-olfactory stimuli included shocks delivered across the chest of the
animal by way of electrodes stuck to the skin, and clicks (20/sec for 5 sec)
delivered into a loudspeaker inside the chamber. Both stimuli were
generated by a Grass S4 Stimulator. To provide visual disturbance, the
chamber light was turned off for 5 sec in a darkened room. Before trials
began, rabbits were placed individually in the experimental situation for a
minimum of 2 hr daily until the heart beat declined to a relatively stable
plateau (180-200/min). Activity from the electrodes was led through
preamplifiers summated on short-term averaging circuits (Beidler’s integra-
tor), and displayed on a multichannel pen recorder. Variable electronic
band-pass filters were used to filter out the slow wave activity of the bulb
when appropriate.

RESULTS

Peripheral Activity

A variety of discharge patterns were recorded from sites in the nasal
mucosa but many showed little or no consistent relation to odor presenta-
tion. Some appeared when no stimulus was being deliberately applied by
the experimenter ; others were especially prominent after an animal had
received a shock or novel stimulus to any modality tested. These consisted
of prolonged trains of spike discharges up to 2004V in amplitude. At two
such sites, there seemed to be a correlation with changes in the rate of
heart beat (Fig. 1).
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At some peripheral sites, however, responses were more specifically
related to odor stimulation, and examples of these—one from non-olfactory

Fig. 1. Bar graph of interrelations between summated discharges recorded from

peripheral and 3 bulbar leads, and changes in the rate of heart beat (declines in

rate are positive). Although shock and most novel stimuli evoked declines of up

to 27 per cent in heart beat and increased activity recorded from certain peripheral

sites, mink musk had the reverse effect. Heart beat values relate to a 30 sec period
before, and one after stimulus presentation.
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filtered air
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amy| acetate

Fic. 2. Pattern of neural discharge recorded from electrodes chronically im-
planted in a region of non-olfactory nasal mucosa.

mucosa, the other from the region of the cribriform plate—are shown in
Figs. 2, 3 and 4. At both sites, the activity consists of asynchronous trains
reaching 504V in amplitude with individual deflections up to 5 msec in
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duration. The most active responses were generally obtained from
electrodes directed into the cribriform plate from the bulbar side, and,
as can be seen in Fig. 4, they ocurred whenever spike discharges in response
to odor appeared in the bulb. The stimulus-response curves for the two
types of activity cover similar intensity ranges and both responded to
4.39 log M amyl acetate (Figs. 10 and 11).

anv%LAwavﬂvANVww@wwVNWﬂfpﬁwﬂﬂhxNWNAAA%“wvvﬂvvxﬂﬂmVV\QT%wv

filtered air

A A A oA

eugenol 10m.sec lSOpV

Fic. 3. Activity recorded from electrodes directed into the cribriform plate

through which pass the primary olfactory neurones. When the undisturbed

animal is breathing filtered air there is a higher discharge than that seen in Fig. 2
(top trace)

[s0pv

[100pV
Filtered air

Amyl acetate

1 sec

FiG. 4. Activity derived from the same site as were the records in Fig. 2 (butat
slower film speed), compared with bulbar spike potentials recorded simultan-
eously. (a) periphery, (b) bulb.

In one animal a spectrum of slow and fast fiber activity was recorded
from electrodes chronically implanted under direct visual control into the
ethmoidal nerve as it enters the cribriform plate. Odor stimulation was
generally followed by a rapid increase of summated activity to a steady
state, more stable, and with a different pattern than that shown by the
bulbar spike discharges. In particular the marked after-discharges which
sometimes appear in the bulb were seldom reflected in the activity of this
nerve (Fig. 7).

Wave Activity of the Bulb
When an undisturbed rabbit was breathing filtered air, low amplitude
asynchronous waves sometimes showing frequencies in the range of
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75-90 cps, could be recorded from the bulb. Those gave way to flares of
high amplitude almost sinusoidal waves most commonly appearing with
each inspiration, when an odor was presented (Fig. 5). In each flare, two
or three components can often be distinguished : an initial burst in the
range 75-85 cps, the main train of high amplitude waves about 50-70 cps,
and a final phase of lower amplitude waves about 40-50 cps. While other
frequencies were also recorded from the bulb, (7, 10-14, 20-28 cps), the
50-70 cps rhythm is the most characteristic. Disconformity of wave and
spike discharges was frequent—isolated flares appearing when a decline,
or little or no change in the level of the spike discharges was apparent. A
discrepancy of this kind was also observed when the rabbit was under
light nembutal anaesthesia (Fig. 8). Conversely, the period of maximum
spike responses to an odorant may coincide with a temporary disappearance
of the wave flares. This evidence suggests that the wave and spike activity
is generated by different structures.

FiG. 5. Two wave flares from the bulb. The main and terminal phase of each

flare often show different frequencies. Thus in one animal deer musk evoked a

main phase of about 60 cps and a terminal phase of 50-60 cps, while coyote

urine elicited a main phase of 70 cps, and a terminal flare of 4045 cps. An
initial phase of 75-85 cps is less often distinguishable.

Bulbar Spike Potentials

A continuous irregular discharge of spikes is normally present in the
bulb when an undisturbed rabbit is breathing filtered air. What happens
when an odor is introduced depends, at least partly, on the type and
concentration of the odor, on the frequency with which the animal has
been previously exposed to it, and on placement—a common pattern
being that shown in Fig. 6. Here the spikes become grouped with each
inspiration, but in the interburst intervals there is a pause in the rate of
firing, which may carry activity to a level below that of the resting discharge.

Such a pattern seldom summates effectively against the fluctuating
baseline, even although counter records may indicate a marked increase
in the frequency of high amplitude spikes. Novel odorants (i.e. odorants
which had not previously been presented to the animal) evoked the most
prominent spike discharges (Fig. 7), but their effectiveness generally declined
with repetition and no consistent relation between the amplitude of the
summated response and the baseline for any concentrations of the odorant
tested could be established. The time of appearance of the response
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Filtered air

Qil of Spearmint

Pyridine

Experimenter vistble

0-5mv
0-5sec

Fi1G. 6. Bulbar spike potentials. The odorants were introduced at about the

point where the records begin. In the upper trace the animal is undisturbed and

apparently relaxed. In the bottom trace the animal is breathing filtered air,

the chamber light has been turned off, and the experimenter is visible to the

rabbit. Note the fluctuating phases of activation and deactivation in the spike
discharges of this last trace.
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also varied, and when an odorant in medium or relatively high concentra-
tions evoked little activity during its presentation, a strong discharge
frequently followed several seconds later. At lower concentrations,
however, responses more often occurred within the duration of the stimulus.
In spite of these discrepancies, qualitative differences in the pattern of
summated response evoked by different odorants are apparent, and there
are marked variations in the discharges recorded simultaneously from
different points in the bulb (Fig. 7).

Several attempts to stabilize the response were made. Of these, pre-
liminary results showed that pairing unavoidable shock with an odorant
to which the animal was habituated, resulted in an enhancement of wave
activity within the first 23 trials, but for a fixed stimulus, the relation of
the summated spike response to baseline remained inconsistent. A further
approach concerns the efferent fiber system.

Spike Activity in the Bulb Following Unilateral Frontal Transection of
Anterior Olfactory Areas

There is now extensive evidence that efferent fiber systems are at least
potentially capable of mediating central control of activity in the bulb;
and, indeed, it is difficult to see how the massive projection recently
described by Cragg can have no important function in olfaction. In
addition to fibers originating in rhinencephalic or higher centers and
terminating in some cases as far down as the perimeter of the glomeruli,
there are also fine fibers interconnecting the bulbs. Although these may
be too few to have much functional significance, some interaction of
bulbar activity, possibly mediated in part by other pathways, may normally
occur. Thus Kerr has shown that strong olfactory stimulation of one
bulb can suppress afferent induced waves in the opposite bulb (Cajal,
1911 ; Adey, 1953 ; Cragg, 1962 ; Kerr and Hagbarth, 1955; Walsh,
1959 ; Kerr, 1960 ; Hernandez-Peon et al, 1960 ; Yamamoto and Iwama,
1961 ; von Baumgarten et al, 1962). However, the extra-bulbar efferent
pathways, particularly the autonomic supply to the nasal mucosa (Tucker
and Beidler, 1956), are capable of mediating powerful influences on
olfactory sensitivity which may account for some findings in this area.

On the assumption that much of the variability of the bulb responses
in the unanaesthetized rabbit was related to the activity of bulbar efferent
fibers, the effect of unilaterally transecting anterior olfactory areas (includ-
ing the anterior commissure and prepyriform cortex) 5-9 mm posterior to
the caudal end of the olfactory bulb was investigated. The intention was
to sever all efferent fibers to one bulb and the interbulbar fibers to the other.
Cragg (1962) could find little evidence of retrograde degeneration in the
bulb following lesions in this area.

As Fig. 8 suggests, the effects of such a lesion were striking. On the side
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of the transection, spike discharges in response to odor stimulation stand
out clearly against the low amplitude background activity and they sum-
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FiG. 8 (i) and (ii). Waves (a) and spike (b) discharges in response to odorants in
the bulbs of a rabbit with unilaterally transected anterior olfactory areas. Each
set of four traces (1 and 2) was recorded simultaneously. 1, Side of lesion.
2, Opposite side. In (i) the animal was unanaesthetized and the odorants were
introduced at about the point indicated by the arrow. In (ii) the animal was
under light nembutal anaesthesia and the odorant was introduced about 50 sec
previously for 10 sec, but elicited no immediate response. Note that the train of
waves is unaccompanied by any marked change in spike activity in either bulb.
Within a bulb the same pair of electrodes was used to record both the spikes and
the waves, the activity being led through 2 band pass filters at different settings.

mated strongly. On the opposite side, responses are largely embedded in
the high amplitude resting discharge, as in the rabbits with intact efferent
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fibers, and they summated poorly : however, from some sites effective
integrator records were obtained although they were generally less promi-
nent than the responses on the side of the lesion. In such a preparation,
repeated presentation of the same odorant failed to produce any diminution
(i.e. habituation) of response. Furthermore, as Fig. 9 shows, the responses
tend to rise with increasing concentrations of amyl acetate. This effect
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F1G.9. Summated responses to an amyl acetate concentration series. Spike dis-

charges from bulbar sites are compared with activity recorded simultaneously

from electrodes implanted in the cribriform plate region (P.N.). The recorder

was turned off for a minimum of 5 min between successive presentations of a
stimulus,

is seen more clearly in Fig. 10, where stimulus-response curves derived
from 7 bulbar sites and one peripheral site are compared. With one
exception the curves of lowest amplitude were derived from bulbar points
on the side opposite the lesion. The peripheral curve (P.N.), and several
bulbar curves show little tendency to flatten at the highest concentrations
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tested although at some sites there are marked reversals or declines at
this level. Also one lead yielded two curves. But in spite of these pecu-
liarities the overall trend is apparent, and it is clear that the peripheral
activity is closely related to the bulbar discharges.
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Fig. 10. Stimulus—response curves for amyl acetate derived from a rabbit with

a unilateral transection of anterior olfactory areas caudal to the bulb. Sum-

mated spike discharges RB 1-3 from the bulb on the side of the lesion ; LB 1-4

from the bulb on the opposite side, and P.N. from the cribriform plate region.
Numbering begins at the back of the bulb.

Simultaneous recordings from the 8 points also reveal marked contrasts
in the integrated responses to various odors at different sites in the system.
Thus, Fig. 11 shows that 2-butanone was an effective stimulus at RB 1,
while eugenol had little or no effect. Conversely, activity at LB 2 was
hardly influenced by 2-butanone, although eugenol elicited a significant
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discharge. In the case of heptane, there is a secondary peak whose height
relative to the initial peak varies for different placements,
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FiG. 11. Integrator records for responses to different odorants in a rabbit with
a unilateral transection of the anterior olfactory areas. Symbols are as in Fig. 9.
The same concentration of amyl acetate was presented before and after each
test of a different odorant (intervals of at least 5 min between successive stimuli).

A further point illustrated by Fig. 11 relates to the control stimulus,
amyl acetate. Although there is a relatively high consistency in the amplitude
of the responses, especially when averages are compared, it is clear that
the relative effectiveness of this odorant at different sites is not always
constant.
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DISCUSSION
Peripheral Activity

The rich trigeminal and autonomic innervation of the nasal mucosa
makes it probable that the activity recorded from the non-olfactory
regions was largely derived from such fibers. However, since sites
especially responsive to odorants were located, some isolation of trigeminal
activity may be possible. In the case of recordings from electrodes
directed into the cribriform plate, a different source for the potentials
seems likely. In this area the primary olfactory neurones form numerous
bundles coursing towards the bulb and they are easily accessible to elec-
trodes inserted from the bulbar side. The close correlation between the
amyl acetate stimulus—response curves for the bulbar and peripheral sites
(Fig. 10) and the nature of these peripheral discharges (Figs. 3 and 4),
indicates that contact with such bundles was probably made. It is also
significant that this site yielded responses to amyl acetate in concentrations
at least 1 log unit below the limit for trigeminal sensitivity to this compound
which Tucker (this symposium) has determined for the anaesthetized
rabbit. Indeed thresholds for bulbar spike discharges and the peripheral
activity are virtually identical (Fig. 10).

Bulbar Activity

The behaviour of the spike discharges in the lightly or recently anaesthe-
tized rabbit has been described by Adrian (1950), and Mozell and Pfaffmann
(1954). It appears to differ from that found in the present study mainly in
the degree of stability of the background discharge. In the most extreme
situation, such as is seen when the animal has been shocked, or the experi-
menter is visible (Fig. 5), bursts of activity may alternate with periods of
marked deactivation, in which few individual spikes appear above a con-
stricted baseline. These are quite distinct from the changes occurring with
each inspiration. It is tempting to speculate that this may be related to
rapid transfers of attention from one modality to another. Even in the
undisturbed animal apparently ‘ spontaneous * shifts in the intensity of
this activity occur which maintain the baseline, sometimes for prolonged
periods, at higher or lower levels. The introduction of an odorant at any
suprathreshold concentration may initially supress this activity—with or
without eliciting spikes at each inspiration—or induced spikes may appear
to be superimposed on the resting discharge. This contrasts with the
peripheral discharges of the kind shown in Fig. 4, in which the response
to an odorant is generally an increase in activity above the baseline, which
remains relatively stable.

The effect of lesions in the anterior olfactory areas is apparently to
shift the behaviour of the bulbar spike discharges to a condition more
closely approaching that seen at the periphery. Indeed, some bulbar sites
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show responses to odor, which, when summated, are virtually indistin-
guishable from peripheral activity. In this condition relatively consistent
responses to odor occur and a quantitative analysis of both peripheral
and bulbar spike discharges becomes possible.

Before considering the possible causes of this effect it is convenient to
distinguish two levels of resting discharge : a primary level of low ampli-
tude stable activity seen in deeply anaesthetized animals, and a secondary
level of higher amplitude irregular spike discharges which appear in
unanaesthetized or lightly anaesthetized animals. Examination of Fig. 8
suggests that the secondary level of resting discharge is absent or reduced
on the side of the lesion, leaving mainly a low amplitude, stable activity
comparable to the primary resting discharge. On the opposite side,
however, the fluctuating secondary activity still appears to be present,
although some reduction may have occurred. Thus, although the spikes
elicited by odor are of similar amplitude in both bulbs, those on the side
of the lesion stand out more clearly than those on the opposite side, which
are embedded in the secondary resting discharge.

Such evidence suggests that activity in the efferent fiber systems may
normally activate the secondary resting discharge, possibly adjusting it to
a level appropriate to the biological significance of the afferent inflow to
the bulb. However, the possibility that some enhancement of the induced
spikes may also occur cannot be ruled out on the basis of available evidence.

Similarly there is insufficient evidence to allow any generalizations about
the relative effectiveness of different odorants in stimulating various points
in the bulb or the periphery in this preparation, but the existence of
temporal and spatial patterning of responses to different odors, previously
demonstrated by Adrian (1956) and Mozell and Pfaffman (1954), is
apparent.

SUMMARY

The electrical responses of the olfactory bulbs and peripheral olfactory
system to odor stimulation were explored in rabbits with chronically
implanted electrodes. There were marked disconformities between the
behavior of the spike and wave activity of the bulb, and fora given stimulus
the spike response did not summate effectively or consistently against the
fluctuating high amplitude resting discharge present in the unanaesthetized
animal. The variability was greatly reduced by a unilateral lesion in
the anterior olfactory areas through which pass the efferent fibers to the
bulb. In such a preparation bulbar spike responses on the side of the
lesion especially stood out against a stable low amplitude resting discharge,
and they summated effectively and consistently. Repeated presentations
of the same olfactory stimulus led to no diminution (habituation) of



84 DAVID G. MOULTON

response. The bulbar spike discharges correlated closely with activity
assumed to be that of the primary olfactory neurones and recorded with
electrodes implanted in the region of the cribriform plate. For this
preparation stimulus-response curves derived from simultaneous recordings
of summated spike responses to amyl acetate at eight points in the bulb
and periphery, are presented. Differences between odorants in their
relative efficiency in stimulating different points in the bulbs and at the
periphery are also described.
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THE SENSE ORGAN

INsecTs possess well-developed chemical senses. But unlike the verte-
brates, their sense organs for these chemical modalities are located at the
body surface uncovered by mucous and readily accessible to the surround-
ing medium. During development of the insect cuticle two daughter epi-
dermal cells differentiate to govern the formation of a specialized area of
the body surface which will serve as a contact locus for certain sensory
nerve fibres. One of these two cells—the trichogenic cell—builds a hair-,
peg-, cup- or plate-like cuticular piece. The other—the tormogenic cell—
builds a ring or socket surrounding this area. Sensory nerve cells such as
the formative cells of the specialized part of cuticle are also derived from
epidermal cells by differential cell division. This developmental plan is
similar for all sense organs of the insect cuticle as well as for non-sensory
hairs, scales, and glands (Henke, 1953). Each of these morphologically
differentiated pieces of insect cuticle with its formative cells, sensory-nerve
cells and accessory cells is called a Sensillum (Fig. 1).

To each sensillum belong from one to many nerve cells. The distal
process of the nerve fibre grows “ through ” the trichogenic cell body to
make contact with the cuticle. In unequivocally identified gustatory
chemoreceptors, the endings of each nerve cell are in direct contact with
the surrounding medium through an opening at the tip of the hair (Dethier,
1955). Peg-shaped sensilla basiconica, probably serving the olfactory
modality, have many cuticular pores where the dentritic processes of the
nerve cell are in contact with the outer medium (Slifer, Prestage and Beams,
1957).

A single sensillum does not necessarily serve only one sensory modality,
as was shown in the fly. Here a single hair is supplied by the fibres of
several nerve cells, one of which ends at the hair base in the socket area
and responds to mechanical deflections of the lever-like hair. The others—
usually two—are chemoreceptive. One responds to ‘ acceptable  sub-
stances such as sugar; the other responds to ‘““unacceptable’ substances
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such as salt (Dethier, 1955 ; Hodgson, Lettvin and Roeder, 1955 ; Wol-
barsht and Dethier, 1958).

In connection with investigations of insect chemo-reception two ques-
tions have been repeatedly raised:

1. Isit possible to distinguish between the * olfactory > and ** gustatory ”’

Fic. 1. Three-dimensional representation of a portion of a Bombyx antennal

branch showing short, thin-walled sensilla basiconica and long, thick-walled

sensilla trichodea (below) and one sensillum coeloconicum (above) (from
Schneider and Kaissling, 1959).

modalities, as in the case of mammals?—There are receptors which respond
specifically to water-soluble substances such as salt and sugar. Other
receptors are specifically responsive to air- or water-borne substances
which are water-insoluble or water- and lipoid-soluble, respectively. Both
receptors may be found side by side, not necessarily localized in restricted
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areas or organs as in vertebrates (cf. also Dethier and Chadwick, 1948).

2. Which type of sensillum is responsible for olfactory reactions?—The
answer to this question was gradually approached by earlier observations
which localized the main group of olfactory receptors on the antenna
(v. Frisch, 1919). But only in a few exceptionally fortunate cases was it
possible to identify the olfactory receptor proper. Notable examples,
accomplished by coating or amputation of sensilla, are the experiments of
Dethier (1941) and Bolwig (1946) with larvae of lepidoptera and diptera,
respectively, and of Wigglesworth (1941) with the human louse. In these
cases the sensilla basiconica were found sufficiently separated to be made
individually inoperative. The results showed that olfactory reactions of the
animals were not elicited after selective elimination of these sensilla. Most
of the other reported cases are still uncertain because of the presence of
many different types of sensilla packed closely together. Here, no proof
for an olfactory function of ‘a specific sensillum could be obtained with
classical methods. Very recently, however, Morita and Yamashita (1961)
using improved electrophysiological techniques on Bombyx larvae as well
as Boeckh (1962) and Schneider and Boeckh (1962) working with beetles
and moths, presented direct evidence for the olfactory function of sensilla
basiconica (Fig. 2).

ELECTROPHYSIOLOGICAL STUDIES OF
INSECT OLFACTORY RECEPTORS

The first successful investigations of this kind recorded multi-unit bursts
of nerve impulses from the antennae of cockroaches, bees and flies (Boistel,
1953, 1960 ; Roys, 1954 ; Smyth and Roys, 1955 ; Boistel, Lecompte and
Coraboeuf, 1956 ; Hodgson, 1958). The unknown receptors responded to
comparatively strong olfactory stimuli with increased impulse frequencies.

In our laboratory we also tried to record the responses of highly
specialized olfactory receptors serving in the sexual behaviour of the silk-
worm and other moths. In these cases it was not only possible to record
the frequency modulation of olfactory nerve impulses but also a slow
olfactory potential (Fig. 3) called the electroantennogram or EAG
(Schneider, 1955; Schneider and Hecker, 1956; Schneider, 1957a and b ;
Schneider, 1962).

We suggested that the EAG is essentially the sum of many olfactory
receptor potentials recorded more or less simultaneously by an electrode
located in the sensory epithelium. This assumption has now received
experimental support, since we know that the single unit receptor potential
appears identical (cf. Fig. 2 with Fig. 3B and C). With extracellular
recording, the unit receptor potential and the EAG usually show the
expected polarity. The receptor site temporarily becomes negative, in
relation to the reference point.
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FOOD DETECTION BY OLFACTORY RECEPTORS

As is well known, the olfactory sense serves insects in different ways.
Many insects depend largely upon their olfactory receptors to find food or
places to lay eggs. A good example is the worker honeybee which is

Fig. 2. A, Method of recording action potentials with glass capillary electrodes
from a single sensillum basiconicum. B, Recording from Sphinx pinastri
(Sphingidae) stimulated with terpineol. Three units are active. Upper (D-C)
trace shows receptor potential with nerve impulses ; lower (R~C) trace shows
only nerve impulses. Downward deflection indicates negative charging of the
recording electrode (from Schneider and Lacher, unpublished).

directed to a large extent by olfactory stimuli during foraging. Rather
unexpectedly the bee was shown to have a sense of smell somewhat similar
to man (v. Frisch, 1921). This broadly developed sense does not show
extreme sensitivity but enables the animal to distinguish between a large
spectrum of odours.

Many food specialists among the insects also exist. A well known
example is the carrion-beetle of the genus Necrophorus (cf. Dethier, 1947).
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Boeckh (1962) recently analysed some olfactory receptors of this animal in
detail. Among the numerous antennal sensilla of different types and un-
known function, he was able to find a uniform field of sensilla basiconica
which gave responses to olfactory stimuli. If an electrode is placed at the
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Fic. 3. A, Method of recording electroantennograms (EAG’s) from moths.
Air is directed toward the antenna through a cartridge containing filter paper
impregnated with an odorous solution of known concentration. B, EAG’s from
Porthetria dispar. a and b, Responses to different concentrations of the natural
sex attractant. ¢, Response to the excised gland of a virgin female. C, EAG’s
from Bombyx mori. a and b, Responses to different concentrations of the
synthetic sex attractant. ¢, Response to the excised gland of a virgin female
(from Block, Boeckh and Schneider, unpublished).

base of one of these sensilla, apparently supplied by only one sensory nerve
fibre, receptor potential and nerve impulses are simultaneously recorded
during stimulation. Adequate stimuli are odour currents of decomposing
meat. But some chemically defined substances such as mercaptan, fatty
acids and amines elicited responses as well. Ammonia and H,S are without
effect upon the sensilla basiconica of Necrophorus thus far studied.

The single Necrophorus receptor unit either reacts with a depolarization
of the receptor site and generation of impulses to stimuli such as rotting
meat, mercaptan, amines and homologous fatty acids with between 6 and
10 C-atoms, or with a hyperpolarization of the receptor site and inhibition
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of impulses to stimuli such as cycloheptanon and fatty acids with 3 and 4
C-atoms (Fig. 4).
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Fic. 4. Relationship of receptor potential (GP) amplitude to chain length (C)
of unbranched fatty acids in Necrophorus humator. Points on negative side of
ordinate represent different degrees of hyperpolarization (from Boeckh, 1962).

RECEPTORS FOR ODOROUS SEX ATTRACTANTS

Odour stimuli not only lead many insects to food or prey but serve as
signals for sexual reactions. Best known in this respect are the sexual
attracting substances of the silkworm moth Bombyx mori and the gypsy
moth Porthetria dispar. The lure substances of these species, as well as
those of other moths, are produced by glands located in the intersegmental
folds near the abdominal tip of the female. Intensive work by two groups
of biochemists has clarified the chemical nature of the lure substances.

In Bombyx the substance has been chemically identified as hexadecadien-
10-trans, 12-cis-ol-(1) (Table 1A) and is called Bombykol (Butenandt,
Beckmann, Stamm and Hecker, 1959 ; Hecker, 1960 ; Butenandt, Hecker,
Hopp and Koch, 1961 ; Butenandt, Beckmann and Hecker, 1961 ; Bute-
nandt and Hecker, 1961); in the gypsy moth the substance has been
chemically identified (Table 1B) as ) [0-acetoxy-cis-7-hexadecen-1-ol
(Jacobson, Beroza and Jones, 1960 ; Jacobson, 1960 ; Jacobson, Beroza
and Jones, 1961).

Behavioural bioassays for the identification of Bombykol (cf. Butenandt,
1955 ; Hecker, 1960 ; Butenandt and Hecker, 1961) demonstrated a very
low reaction threshold of Bombyx males to the species lure substance. If a
glass rod is dipped into solvent containing only 10-12/ug/ml of attractant
and held in front of the males, at least 50 per cent react with typical move-
ments. The other three geometrical isomers of the alcohol are much less
effective (Table 1). Typical for the Bombyx reaction is the fact that prac-
tically all male moths respond within a few decadic concentration steps
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THRESHOLD CONCENTRATIONS OF THE SEXUAL ATTRACTING SUBSTANCES OF

. Electrophy-
Form of attracting substance Behavioural siological
thresholds thresholds
A. Bombyx mori—geometrical isomers 10-12ug/mi> 4 | 10-10ugP
H H H
(@) CH;—(CH,),—C=C—C=C—(CH,);—CH,0H
H 10-3ug® 10-8ug/mil&
Hexadecadien-10-trans, 12-cis-1-o1
H HH
(b) CH;—(CH,),—C=C—C=C—(CH,);—CH,;0H 10-3ug/mic 4 [ 10-5ugb
H
Hexadecadien-10-cis, 12-trans-1-ol
H HHH
(¢) CH;—(CH,);— C=C—C=C—(CH,);—CH,0H 1pg/mle ¢ 10-5ug"
Hexadecadien-10-cis, 12-cis-1-ol
H H
(d) CHg—(CHy);— C=C—-C=C—(CH,);—CH,0H
H H lpg/mis ¢ 10-5ug?
Hexadecadien-10-trans, 12-trans-1-ol
B. Porthetria dispar—optical isomers
H H H
(a) CH4(CHy); —C—CH,C=C(CH,),— CH,OH 10-5ug® 10-2ugb
0O—-C—-CH; 10~7ug®
i
0
(+)-10-acetoxy-cis-7-hexadecen-1-ol
0
Il
(b) O—C—CH,
H H
CH,(CH,);—C—CH,;—C=C(CH;),—CH,OH 10-2ug®
H
(—)-10-acetoxy-cis-7-hexadecen-1-ol
(c) Racemic Mixture of B, a and b 10-3ug?
10-%ng®
10-7uge
(d) “ Minor > attractant (not yet identified) 10-2ugt
10-3ug*

 Block (unpublished).

® Block, Boeckh and Schneider (unpublished).
¢ Butenandt, Hecker, Hoppe and Koch, 1961.
4 Hecker, 1960.

¢ Jacobson, Beroza and Jones, 1960.

f Jacobson, Beroza and Jones, 1961.

¢ Schneider, 1962.
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above a concentration of 1012/4g/ml solvent. The saturation level of the
motor response, but not necessarily of all the receptors involved, is reached.

Similar work was done on the gypsy moth by B. C. Block (1960 and un-
published). This investigator used a different method, mounting a filter
paper piece contaminated with known amounts of the Porthetria attractant
in front of a rack with 30 male moths. With an air current directed toward
the rack, the males reacted typically to lure concentrations of above
threshold.

The results for Bombyx and Porthetria, although worked out with dif-
ferent methods, have a similar stimulus-response course in common.
Beginning from a certain scent concentration, the reaction curve rises as a
straight line when the response is plotted linearly and the lure concentration
logarithmically (Fig. 5). The upper ‘ saturation’ plateau is reached
after increasing the stimulus intensity between 100 and 1000 times above
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FiG. 5. The behavioural stimulus—tesponse curve of Porthetria dispar males to

the sexual odour of its own female and of Bombyx mori males to the synthetic

Bombykol. Ordinate : per cent of males reacting. Abscissa : Amount of

lure substance on a stimulus source (from Block, Boeckh and Schneider, un-
published).

threshold. The most remarkable difference between these two behavioral
investigations is the position of the absolute threshold. Block found that
gypsy moth males do not react below 1075/ug of substance on filter paper.
This differs from Bombyx, where less than 10°12/ug of Bombykol was on the
glass rod tip at threshold and cannot be explained by methodology. We
must envisage a difference in the absolute reaction threshold of the two
species.

In an earlier electrophysiological study, the stimulus-response function
of the whole antenna of Bombyx males was found to increase as the
logarithm of the stimulus concentration (Schneider, 1962). This work
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was preliminary, using the amputated antenna and stimulation with syn-
thetic Bombykol on a glass rod as in the initial experiments (Schneider and
Hecker, 1956 ; Schneider, 1957). We are now repeating this work with
refined methods. The living animal is mounted so that recording is pos-
sible with circulatory and respiratory systems intact. Under these cir-
cumstances it is possible to record EAG’s for many hours or days (Block,
Boeckh and Schneider, unpublished). We also changed the stimulating
method by using fluted filter paper impregnated with known amounts of
lure substance. The filter paper pieces are put in short glass tubes mounted
in front of the air outlet (Fig. 3A). Such cartridges can easily be exchanged
during the course of an experiment.
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FiG. 6. The relationship between Bombyx male EAG amplitudes and concentra-
tions of the four geometrical isomers of hexadekadienol (from Block, Boeckh
and Schneider, unpublished).

The results demonstrate that the earlier curve (cf. Fig. 7 in Schneider,
1962, with Fig. 6) is only one of several response types obtained with the
Bombyx antenna. To compare the earlier curve with the new ones done
with the refined stimulation method, the following consideration is neces-
sary. Only about 1/100 of the amount of substance scaled on the abscissa
in Fig. 7 of Schneider (1962) actually sticks to the tip surface of the glass
rods. Therefore 10™*ug/ml solvent actually means about 10*+ 2ug of
substance per glass rod tip. This 100-fold difference permits comparisons
between concentrations on glass rods and filter paper.

The new stimulus-response function (Fig. 6) is more complex than
expected. Only in the higher concentration range does the response rise
with the logarithm of the stimulus concentration, while in the lower range
this relationship is rarely found. The response to the isomers varies but
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mostly stays behind Bombykol. The 10-cis-, 12-trans isomer usually is
second in order, followed by 10-cis, 12-cis and then 10-trans, 12-trans.
Relatively strong isomer-responses (see 10-cis, 12-cis in Fig. 6) appear fre-
quently at lower concentrations and cannot be adequately explained yet.

One remarkable feature of the Bombykol reaction curve is the enormous
concentration range covered by the antenna as a whole (Fig. 6). Equally
wide ranges of about 1012 are known only for the human eye and ear.
Even more striking is the Bombykol response curve. From threshold below
10"1%4g to about 10°%ug, the reaction is practically constant. With
higher concentrations the intensity of the reaction first rises slowly and then
at a very fast rate.

From this response of the antenna to Bombykol, it may be deduced that
the animal is not able to distinguish between different molecular densities
with great sensitivity in the lower concentration range. But density dis-
crimination apparently becomes excellent in the higher range. This re-
lationship now appears to fit ideally to the requirements of a male moth in
nature. Perhaps a male, several hundred meters downwind from a female,
just ““ catches >’ with its olfactory receptors the minimum number of lure
molecules necessary to elicit excitation. This stimulus works as a signal to
induce or reinforce a positive anemotaxis (Schwinck, 1954) and thus
eventually leads the male to the neighbourhood of the female. During this
approach, the olfactory receptors of the male will constantly give the same
low level information to the brain, keeping him moving upwind. Odour
concentration differences due to lack of laminarity in the air stream will
rarely be large enough to change the information output of the olfactory
receptors. This could be very important, since the male might otherwise
deviate from the upwind direction in pursuit of every meaningless concen-
tration increase of lure odour. Finally, rather suddenly when the odour
concentration indicates the neighbourhood of the quietly waiting female,
an olfactory orientation primarily due to intensity discrimination may be
accomplished.

In support of this hypothesis is the following observation. Dissected
glands of females are electrophysiologically as effective as filter paper hold-
ing between 10°2ug and 10xg of Bombykol. This concentration range is
exactly where the gradient of the curve (Fig. 6) is steepest and where odour
intensity discrimination is expected to be optimal. The stimulus-response
function of the antenna stimulated with Bombykol thus appears to ad-
mirably fulfil those requirements which may best serve the male in the
field.

Adaptation has not been extensively studied yet. However, it probably
is the main cause of the hysteresis curve obtained in an experiment where
the antenna was stimulated with ascending Bombykol concentrations first
and descending concentrations afterwards (Fig. 7). Reference stimuli of
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low but effective concentration, used briefly after a strong stimulus, either
failed completely or elicited weaker responses than before strong stimulus
application. A reference stimulus is again as potent only after 5-10 min
of recovery are allowed. During the application of highly concentrated
stimuli, very often the EAG plateau is unsteady. This may also be partially
the result of an interaction between degree of stimulation and rate of adap-
tation.
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FiG. 7. The stimulus-response curve of Bombyx males to ascending and descend-
ing concentrations of hexadeca-10-cis, 12-frans-dien-ol-(1). Ordinate : EAG-
Amplitude (from Block, Boeckh and Schneider, unpublished).

The threshold differences between Bombykol and its isomers are
extremely interesting. The architecture of the molecule (Fig. 8) is obviously
of decisive importance for olfactory stimulation. When we checked the
isomers electrophysiologically, we usually found that the threshold dif-
ference between the * true *” lure alcohol and the isomers was smaller than
expected from the results of behaviour tests.

Except for a few cases where one of the isomers (mostly the 10-cis, 12-cis-
substance) was apparently more potent than Bombykol (Fig. 6), the isomers
stayed behind the Bombykol response. In some tests the curves of at least
three of the four isomers of the hexadecadienol met in the higher concen-
tration range.

All these variations are partially the results of too few data. Since the
experiments are still in progress, more conclusive results are anticipated.



96 DIETRICH SCHNEIDER

On the other hand, the variability may also derive from specific physio-
logical conditions due to the location of the recording electrode. We still
do not know whether only a rather small group of olfactory nerve cells near

Fic. 8. Three-dimensional models of the four geometrical isomers of hexa-

decadienol. From above to below : 10-trans, 12-cis ; 10-cis, 12-trans ; 10-cis,

12-cis ; 12-trans, 12-frans. C-atoms are black ; H-atoms are white ; O-atoms
are grey (courtesy of Dr. E. Hecker).

the electrode tip is mainly responsible for the EAG. If this is the case,
response fluctuations, sensitivity shifts, and even the higher sensitivity to
an isomer could be explained by physiological differences of the receptor
cells from which the electrode is recording. The number of cells cannot
be too small, however, since we usually record with electrodes so wide that
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impulses are rarely picked up. Recording from only a very few cells in the
sensory epithelium (see Schneider, 1957) will bring nerve impulses of rather
large size into the picture.

Similar electrophysiological experiments to the ones described with
Bombyx have been done recently on a smaller scale with the gypsy moth,
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FiG. 9. The electrophysiological (EAG) stimulus-response curve of Porthetria

dispar males to the optical isomers of acetoxyhexadecenol. The broken line

represents the response curve to the d-isomer ; the solid line represents the

response curve to the /isomer. Illustrated is a typical experiment performed

with one animal and one electrode position (from Boeckh and Schneider,
unpublished).

Porthetria dispar (Block and Schneider, unpublished). As far as our in-
formation goes, the situation is much less complex than with Bombyx. The
Porthetria male antenna studied with the EAG method shows the expected
stimulus-response curve (Fig. 9). It rises with ascending concentrations
first slowly and more sharply later. A saturation effect has not been
observed, even with pure attractant in the highest concentration tested.

The gypsy moth sexual attracting substance is optically active and exists
in a d- or dextrorotatory and an /- or levorotatory form. No activity dif-
ferences between the two isomers could be found when checked with the
EAG method. The same also seems to be true behaviourally since brief
but informative tests showed little difference between the d- and the /-form.
Also, we compared freshly dissected female glands of Porthetria dispar
with known concentrations of lure substances on paper and found that the
gland corresponds to about 0.05x4¢ of attractant on paper.

Usually the sexual lure substances of moths are called species-specific.



98 DIETRICH SCHNEIDER

That this is not necessarily so has already been demonstrated by behavioural
tests (for literature see Schneider, 1962). Our information indicates that
specificity may only reach to the family or sub-family level, as in the case of
the Saturniids (Schneider, 1962). However, there is no EAG-response
above control when the Bombyx male antenna is stimulated with the
Porthetria lure gland or natural or synthetic substances and vice versa.
While Porthetria males in behavioural tests are completely uneffected by
virgin Bombyx females, the reverse is not true. The Bombyx males give a
weak but definite response to the other species. Unfortunately, it was not
yet possible to compare electrophysiologically the two well known Por-
thetria species, dispar and monacha. Behaviour tests by Schwinck (1955)
demonstrated clearly that females of both species attract the males of the
other.

While we did not expect a female moth to show any motor reaction
when confronted with its own lure substance in high concentration, it was
surprising to find that the Bombyx female antenna gave no EAG response
to the gland or to synthesized Bombykol. Since such a female antenna was
able to react to other odorous substances in the same way as the male
antenna, it was concluded that the female moth does not have the specific
receptor type for detecting its own perfume. Humans also cannot detect
Bombykol, no matter how high the attractant concentration. The in-
ability of the female moth to identify its own lure substance was also found
in the Saturniids (Schneider, 1962) and more recently for the gypsy moth.
The antennae of the female moths do not even have receptors to detect
substances of the same * class > of attracting compounds. None of the
female glands of Bombyx and of the Saturniids studied so far had an
effect upon any of the antennae of the female donors. Recently we checked
the antennae of female Bombyx mori, Porthetria dispar and Antheraea
pernyi (Saturniidae) during stimulation with the female lure glands of all
three females and could not record olfactory EAG’s, although other scents
affected the antennae (Block and Schneider, unpublished).

The threshold concentrations, given in absolute amounts of lure sub-
stance, make it possible to calculate the number of molecules expected
on the glass rods or filter papers used as stimulus sources. At the lowest
Bombykol threshold determined with the EAG method (10-°xzg on the
144 mm? piece of filter paper) there are only 10° molecules on the paper.
The vapour pressure of Bombykol, although not yet determined, is pro-
bably not very high. Therefore, only a fraction of the available molecules
actually leaves the filter paper during the stimulation time of 1-2 sec.
These molecules are carried in a certain volume of air (3 / of air/min)
which streams over the antenna. Without knowledge of the vapour pres-
sure, it is impossible to make any precise calculations of the Bombykol-
density at threshold, but it seems plausible to think of a rather small
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number. This number must of course be great enough to ensure excitation in
the receptor loci.

While a concentration of 10°%xg on filter paper could possibly still elicit a
response of the whole animal or its sense organs, concentration of less than
10"124g in positive behavioural tests (Butenandt et al., 1959, 1960, 1961, and
Fig. 5) appear to be * dangerously ”” low. To understand this problem it
is necessary to recognize that the only way to prepare descending concen-
trations is to dilute in the usual manner. Thus, all the figures given in
pg/ml solvent or in xg on filter paper rely on the simple method of diluting
stock solutions. To date we do not have a better way or, indeed, a method
to check the actual amount of substance in the solvent. Hecker (un-
published) thought that an assembling of attractant molecules in the surface
layer of the solvent may occur. If so, the amount of molecules attached to
a glass rod would be higher than calculated. However, this explanation
did not receive experimental support, because tests done with lure substance
diluted in different solvents always gave the same very low threshold for
Bombykol.

Finally, the potency of female glands was compared electrophysiologic-
ally with known amounts of lure substances. The normal glands of virgin
Bombyx females are as effective as a piece of filter paper holding between
102ug and 10xg of Bombykol. The amount of Bombykol that the chemists
were able to isolate per female was about 10'24g. The chemically deter-
mined amount of d-isomer per female gland for Porthetria, 5x10 2ug, was
also found to be in excellent agreement when checked experimentally.

While these results are indicative, it is necessary to point out that the
paper piece or glass rod contaminated with the lure substance are only
finite reservoirs, eventually depleted by evaporation or oxidation. The
intact female gland, however, is a dynamic living system. Itisa ‘ factory ”,
producing the lure substance in certain cells and then allowing the odour
to evaporate. Since the chemists reported that saponification of a certain
fraction of the extracted material increased the activity, it is probable that
part of the lure alcohol is stored in the gland in esterified form. However,
this is really all we can say. For a number of reasons it is neither possible
to estimate the number of molecules leaving the surface of the gland per
unit time nor the amount of substance present in the gland at a certain
moment. Consequently, the amount of lure substance a female produces
over its life span of a few days remains unknown.

Biologically active substances transmitting information between in-
dividuals of the same species are called ‘ pheromones” (Karlson and
Liischer, 1959 ; Karlson, 1960). Clearly the sexual attracting substances
belong to this class. The pheromonereceptors may be compared analo-
gously with a group of very intensively studied * chemoreceptors >, the
synapses. Here for example a cholinergic pre-fibre (Fig. 10) produces
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transmitter substance which, in the post-fibre, elicits membrane effects.
In the synapse, the transmitter (e.g. acetylcholine) has to bridge over a
synaptic cleft of 500A at a maximum ; in Bombyx the * transmitter
(Bombykol) has to bridge over a very much larger distance. It is not
clear how far reaching such a comparison is, because the properties of the

pre-fiber Acetylcholine post-fiber
EMITTER TRANSMITTER RECEPTOR
Bombyx female Bombyx male
lure gland Bombykol olfactory
cell receptor cell

Fig. 10. Chemical information transfer in two highly specialized systems :
(1) pre- and postsynaptic cholinergic nerve fibres ; (2) Bombyx female and male.

post-synaptic membrane and the olfactory receptor membrane have not
been sufficiently worked out. Our knowledge of metabolic processes
involved in the production and breakdown of synaptic transmitters is
much more extensive than our knowledge of sexual attraction in Bombyx
and Porthetria, where only the transmitter is known with certainty.

CONCLUSION

With electrophysiological methods it was possible to work out some
details of olfactory receptor function in a few coleoptera and lepidoptera.
Single unit olfactory receptors studied so far are of the sensillum basi-
conicum type. The first detectable electrical reaction of the receptor is a
slow, graded receptor potential. Depolarization of the receptor membrane
and nerve impulses are observed. In beetles at least, the receptor potential
due to certain odours may be hyper-polarization which consequently
blocks impulse generation.

Summated receptor potentials of a number of simultaneously active
olfactory units are probably the main cause of a slow potential called the
“electroantennogram’’. Using this response as a test, the effects of sexual
attractants on antennae of male Porthetria dispar and Bombyx mori have
been checked over a wide concentration range. The response as the
logarithm of the stimulating concentration rises over a certain range. In
Bombyx, however, there is only a slight increase of response between
102 and 104ug of lure substance. In this range the animal may not be
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able to make highly sensitive intensity discriminations. But such dis-
criminations must be optional in the higher range, where response rises
steeply with concentration. These higher concentrations are about equal
to the experimentally determined output of a female gland. The Bombyx
sex attractant (Bombykol) is usually more effective than its geometrical
isomers. The d- and /-form of the Porthetria sex attractant, as well as the
dl racemic mixture, are equally effective.

In no case studied so far did the attracting substances of any of the
female moths elicit a response in the antennae of any of the female of
these same species.

The lure substance of Bombyx and Porthetria did not elicit electrical
responses in cross-stimulation experiments. However, Bombyx males
react with weak electrical responses to some glands of the Saturniids and
with weak behavioural responses to females of Porthetria and several
Saturniids. In one of the Saturniid-subfamilies no species or genus
specificity of the attracting substances could be found.

Since the present state of our knowledge on many aspects of insect
olfaction is still very scant, it is perhaps worthwhile to define some areas
in which intensive investigation is necessary :

1. Determination of the identity and physiological range of the receptor
cells responsible for the different chemical modalities as well as sub-
sequent analysis of the fine structure and chemical composition of
the receptor cell membrane.

2. Further elucidation of the sequence of processes taking place in the
primary sensory cell under the influence of stimulating molecules.
For the electro-physiologist this involves a detailed study of receptor
membrane responses and generation of nerve impulses. The trans-
duction of * chemical energy *’ into graded potentials also has to be
clarified.

3. Analysis of the structure and biochemistry of the lure gland. This
““ emitting >’ system can be compared analogously to the presynaptic
nerve fibre. Bombykol is then the transmitter substance, eliciting
electrogenesis in the olfactory receptor membrane (see Fig. 10).

4. Detailed study of the way in which an insect orients under the
influence of olfactory stimuli. Here information from the olfactory
sense must be integrated with information from other sensory
modalities.
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THE FINE STRUCTURE OF THE OLFACTORY
RECEPTORS OF THE BLOWFLY*

V. G. DETHIER, J. R. LARSEN and J. R. Apams

Zoological Laboratories, University of Pennsylvania, Philadelphia 4, Pa.

INTRODUCTION

THE principal site of olfactory receptors in the blowfly Phormia regina,
as in most insects, is the antennae. It has been demonstrated experi-
mentally that the blowfly is able to perceive a variety of odors, including
those of the normal aliphatic alcohols and aldehydes and a number of
natural products, through the medium of antennal receptors (Dethier,
Hackly, and Wagner-Jauregg, 1952 ; Dethier and Yost, 1952 ; Dethier,
1952, 1954, 1961). Furthermore, action potentials in response to stimula-
tion by 0.01 M aqueous solutions of NH,Cl and NaCl have been recorded
from these receptors (Wolbarsht and Dethier, 1958). Nevertheless, the
identity of the olfactory receptors is in doubt and their exact structure
unknown even though a number of histological studies of the dipterous
antennae have been made (e.g. Liebermann, 1926).

Establishing the identity of the olfactory receptors is made difficult by
the great numerical density of receptors, the variety of forms, and the
minute size of all. By studying all types of antennal receptors with the
electronmicroscope it has been possible to gain some idea as to the nature
of the olfactory receptors because the basic features of all are strikingly
similar.

MATERIAL AND METHODS

Antennae were removed from one-day-old flies in insect Ringers solution,
placed in a chilled solution of 1 per cent s-collidine-buffered osmic acid
to which had been added 0.045 g/ml of sucrose, and stored at 2°-4°C for
2-4 hr. Dehydration was carried out in graded alcohols. The final
embedding mixture consisted of 90 parts butyl- and 10 parts methyl-
methacrylate. Two per cent Luperco CDB was employed to initiate
polymerization. Polymerization was completed in gelatin capsules placed

* This work was aided by Grant B-1768 from the National Institute of Neurological

Disease and Blindness of the National Institutes of Health and by Grant G-6015 from
the National Science Foundation.
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under ultraviolet light for 48 hr. Sections were cut with glass knives in
a Porter-Blum and LKB ultramicrotome. Micrographs were taken with
RCA-EMU-Z and Akashi TRS-50E electronmicroscopes at magnifications
of 1000 to 16,000 times.

Receptors were also studied with a phase contrast microscope and after
staining with methylene blue according to the method of Grabowski and
Dethier (1954) and with Holmes’ silver technique (Larsen, 1960).

ANTENNAL SENSILLA

The majority of sensory structures in insects (internal proprioceptors
excepted) consist of a cuticular covering, which is a modified portion of
the general body cuticula, one to approximately fifty bipolar neurons
whose dendrites are associated with the cuticular covering and whose
axons pass into the central nervous system, and three or more accessory
epidermal cells which have no direct part in reception. A unit consisting
of these components is termed a sensillum. The individual neuron is the
receptor. A single sensillum may contain a number of receptors, each of
which mediates a different modality (e.g. a labellar hair, which houses a
water receptor, a sugar receptor, a salt receptor, and a mechanoreceptor).

The sensilla of the antenna, among which are numbered the olfactory
receptors, are situated on the fleshy apical segment. Neither the basal
segment nor the conspicuous plumose arista bear olfactory receptors. The
sensilla are present on the entire surface of the segment and within large
pits which are a conspicuous feature of the antenna.

Antennal pits are confined to the dorsal, ventral, and inner lateral distal
half of the segment, this area being unpigmented. The remainder of the
segment is fuscous. There is some variation in the number, size, and exact
location of pits from one individual to the next, but in general the males
possess from 9 to 11 and the females from 11 to 16. Some pits are simple,
pocket-like cavities (Plate I, Fig. 5) ; others are multichambered (Plate I,
Fig. 3). Their orifices are ringed with short, stout, spinous projections of
the cuticle. Within the pits are found three types of sensilla : thin-walled
pegs, thick-walled pegs, and coronal pegs, so called because of their crown-
like appearance in transverse section (Plate I, Fig. 3). Only one type of
sensillum occurs in a pit.

The surface of the antenna is thickly clothed with non-innervated spines
with which the numerous sensilla are interspersed (Plate III, Fig. 3). The
sensilla are of three general types : pointed, tapering, thick-walled pegs
(Plate III, Fig. 1) ; short, rounded, thin-walled pegs (Plate I1I, Fig. 1) ;
and minute stellate pegs (Plate III, Fig. 4). The thick-walled pegs, the
most numerous type, are more or less evenly distributed over the entire
surface of the segment, while the thin-walled pegs are absent or sparse on
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the tip. The distribution of the third type is not known because it has been
seen in only a few electronmicrographs.

One or more of these three types of sensillum is obviously olfactory. All
possess many features in common. These are : a hollow cuticular peg all
or part of whose wall is extremely thin and very possibly perforated ; a
cuticular sheath or tube, the scolopoid sheath, extending from the basal
region of the peg a variable distance down into the underlying tissue ;
one to four deep-lying bipolar neurons whose dendrites pass into the
scolopoid sheath thence into the lumen of the peg. Since there are many
hundred-fold more cell bodies associated with the pegs than there are
axons in the antennal nerve, and since synapses do not occur in the antenna,
it follows that there is extensive fusion of axons. Axonal fusion is a
common feature of the insect sensory system.

THIN-WALLED PEGS IN PITS (PLATES I AND II)

These pegs, characteristic of the more proximal antennal pits, are delicate
rounded, structures averaging 13z in length. In cross section they are
circular except when cut slightly obliquely. The average diameter is
1.5-1.8u. The cuticular wall at its thinnest point averages 0.084.

The number of neurons associated with each peg varies from one to
two. Their cell bodies lie 15 or more microns below the base of the pegs.
Their dendrites upon approaching the basal region of the peg enter the
scolopoid sheath, which appears to fuse with the walls of the peg as it
extends into it. Within the peg the dendrites completely fill the lumen.

A conspicuous feature of the cuticular walls of the peg is the indenta-
tions in its surface. Each peg possesses from 180 to 360, which constitute
from 7-14 per cent of its surface. These are minute circular pits whose
orifices are narrower (0.035x) than the basal chamber (0.088x) (Plate II,
Fig. 1). It is difficult to ascertain whether or not these pits are indeed
perforations, although this is the most likely interpretation. In any event,
the electron-dense outer layer of the cuticle does not enter the openings.
At the bottom of each opening is a material that is not part of the cuticle
and seems to be continuous with the sheets and nets of tissue filling the
lumen. At the base of the openings, however, and only there, the material
occurs in the form of fine parallel strands. In cross sections these appear
as round tubules.

THICK-WALLED PEGS IN PITS (PLATE I, FIG. 4)

These differ from the foregoing principally in possessing a thicker wall
at the base and being more acutely pointed. Characteristically they are
found in the more distal antennal pits. They also are innervated by one
or two cells. When two neurons are present, the scolopoid sheath is
compartmentalized to accommodate the two dendrites (Plate I, Fig. 4).
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CORONAL PEGS IN PITS (PLATE I, FIGS. 1 AND 3)

These beautifully ornate pegs have not yet been identified with the light
microscope, but in electronmicrographs appear in cross section as nearly
perfect crowns with projections that usually number twelve. Longitudinal
sections reveal that these projections are extensions of the peg wall which
proceed outward at right angles to the long axis of the peg but subse-
quently bend down to hang parallel to the long axis. Accordingly, cross
sections sometimes appear as smooth circles surrounded by a ring of dots.
The pegs average 4y in length and 0.5-0.8x% in basal diameter. They
appear to be innervated by a single neuron, and no perforations have been
discerned in their walls.

THIN-WALLED SURFACE PEGS (PLATE III)

These pegs average 25x in length and are identical in nearly every
respect with the thin-walled pegs found in pits.

THICK-WALLED SURFACE PEGS
(PLATE IlI, FIGS. 1 AND 3, PLATE 1V)

These, the most common sensilla on the antennae, vary considerably in
length. The average length is 83u. The average basal diameter is 8u.
All of these taper more than the thin-walled sensilla. Some are straight
and acutely pointed while others, usually the longer ones, are gracefully
curved. The wall at the base may be from one-quarter to one-half as
thick as the diameter of the lumen, but it becomes rapidly thinner as the
peg tapers to its tip.

Each peg is innervated by one to four neurons whose cetl bodies lic at a
considerable distance beneath the surface. The scolopoid sheath is
scalloped to accommodate the various number of dendrites (Plate IV,
Figs. 1-4). As in the thin-walled pegs, the dendrites fill the lumen. The
walis of the peg also contain the pits already described.

STELLATE SURFACE PEGS
(PLATE 1II, FIGS. 3-5, PLATE 1V, FIG. 5)

The length of these small pegs is not known since they have bzen seen
only in cross section. The basal diameter is about 1.2x. The peg is
characterized by much cuticular fluting and internal cuticular radii which
suggest that the scolopoid sheath may extend some distance into the
lumen. The structure is best understood by reference to the illustrations.
Like the coronal pegs, these are few in number and are unlikely candidates
for the function of olfaction.

DISCUSSION

The thick- and thin-walled sensilla on the surface and in the pits are
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the most numerous sensilla on the antenna. One or more of these types
has an olfactory function. Since among them the fine structure differs in
minor details only, it is possible to derive from their description an idea
of the structure of the olfactory receptors.

The olfactory sensillum may be described as a hollow cuticular peg
innervated by one to four bipolar neurons. The dendrites of the neurons
extend into a cuticular scolopoid sheath which is partially compartment-
alized to accommodate a particular number of dendrites. The sheath
appears to fuse wi