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ABSTRACT Contact chemoreceptors on the mouth-
parts and legs of the blowfly Phormia regina that normally
respond to aqueous solutions of sapid substances also
respond to compounds in the gaseous state. Effective
vapors include organic and inorganic acids and various
unrelated nonpolar compounds. In general, the acids
stimulate the salt receptor. Some nonpolar compounds
stimulate the salt receptor while others inhibit it. Others
stimulate the water, sugar, or ‘““fifth”’ receptor. Differential
action cannot be attributed to pH or solubility. Not all
compounds that are irritating to mammalian mucous
membranes or amphibian skin stimulate the contact
chemoreceptors of the fly. Sensitivity to these vapors is a
phenomenon analogous to the common chemical sense of
vertebrates.

Before the advent of electrophysiological techniques, the
identity and distribution of chemoreceptors of insects was
established by a combination of topical application and abla-
tion with behavioral observation. Although these methods
established the preeminence of antennae as the sites of olfac-
tion and of the mouthparts and legs as sites of gustation,
there continued to be reports of residual sensitivity to vapors
after removal of all known olfactory receptors. In particular,
MeclIndoo (1, 2) consistently reported a general body sensi-
tivity to concentrated vapors of many compounds. He con-
cluded, erroneously, that the widely distributed campaniform
sensilla were “olfactory pores.” His conclusions and those of
others who argued for a more or less generalized olfactory
sense fell into disrepute and were eventually forgotten. None-
theless, the idea that insects might possess a common chemical
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Fi1a. 1. Largest type of labellar hair showing exudate at tip.
(X12,000) (Photographed with the scanning electron microscope
at Florida State University, V. G. Dethier and R. Parker.)

sensitivity to vapors analogous to the skin sensitivity of
amphibians and to the sensitivity of mucous membranes
of man continued to invite discussion (3). Electrophysio-
logical analyses have now provided evidence for sensitivity
in insects that is compatible with the concept of a common
chemical sense.

MATERIALS AND METHODS

The labellar chemosensory hairs of the blowfly Phormia re-
gina are primarily gustatory organs. A typical hair is equipred
with five bipolar neurons of which one is a mechanoreceptor.
The dendrites of the others terminate in an apical pore in
the hair (Figs. 1 and 2) where they normally come into con-
tact with liquids when the hair touches the substrate. One
dendrite is preferentially sensitive to certain carbohydrates
and amino acids, one is sensitive to water, and the remain-
ing two are sensitive to salts and miscellaneous compounds.

The response characteristics of these receptors are best
studied by the side-wall technique of recording originally
perfected by Morita and Yamashita (4). The isolated head
is impaled on a glass micropipette containing 0.1 M NaCl
that serves as a salt bridge to a Ag/AgCl wire. This is the
reference electrode. A similar pipette and wire serving as a
recording electrode makes contact with the dendrites through
a crack in the side of the hair, thus leaving the apical pore
available to any stimulus. All recording is extracellular.

The presence or absence, as well as the nature, of the elec-

Fia. 2. Recurved type A tarsal hair showing dimpled tip free
of exudate (X20,000) (Photographed with the scanning electron
microscope at Florida State University, V. G. Dethier and R.
Parker.)
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Fia. 3. Response of largest labellar hair no. 1 to 0.1 M sodium chloride. Horszontal bar in Figs. 3-14 equals 0.2 sec.

F1a. 4. Response to the vapor of formic acid.

F1a. 5. Response to a solution of 2.66 M formic acid. Four cells responded. Base line silent before stimulation.

Fia. 6. Response of largest hair no. 5 to 0.1 M NaCl.

F1as. 7,8,9. Responses to 6 M NaCl, vapor of formic acid, and vapor of citronellal, respectively. Baseline silent before stimulation in

Figs. 6-9.
Fi1a. 10. Active baseline.
F1a. 11. Response to the vapor of benzene.
Fiag. 12. Baseline for largest hair no. 2.

Fias. 13,14. Responses to a solution of 0.1 M NaCl and to the vapor of formic acid, respectively.

trical activity of an unstimulated hair depends upon the
circumstances of contact with the electrode. With the most
gentle of contacts, there is practically no electrical activity
recorded from any dendrite. The baseline may be absolutely
silent; however, the more usual state is one of infrequent
action potentials from one or more cells. The more traumatic
the contact, the more active are the neurons. Regulation
of the amount of activity in the neurons through adjustment

TaBLE 1. Types of responses elicited from labellar gustatory
hairs by miscellaneous vapors

Water Fifth
re- re-
Classical salt cep- Sugar cep-
Compound receptor tor receptor tor
HCl (low conc.) + 0 0 0
(high cone.) + + + +
"HNO; (low conc.) + 0 0 0
(high conc.) + + + +
Acetic acid + 0 0 0
Formic acid
(low conc.) + 0 0 0
(high conc.) + + + +
Valeric acid + + + +
Citronellal - 0 ? ?
Citral - + ? ?
Limonene - 0 ? ?
Isobutyraldehyde Off effect* 0 0 0
Napthaquinone 0 + 0 0
Benzaldehyde - + 0 +
Benzene - ? ? ?
Xylene 0 0 0 0

* Salt receptor generates action potentials only when stimulus
is removed.

of the recording electrode presents opportunities to assess
the inhibitory as well as the excitatory effect of stimulating
compounds.

Compounds to be tested were placed in a glass pipette
(tip diameter about 6 um) that was then moved slowly to-
ward the tip of the hair. Neural activity was monitored con-
tinuously as the pipette approached to within 200 um of the
hair and was then withdrawn. After each stimulation, the
neurons were allowed to return to their basal rate of activity.
Periodically they were stimulated with water, 0.1 M NaCl,
and 0.5 M sucrose to ascertain whether or not they were
still responding normally to physiologically adequate stimuli.

Test stimuli included the following compounds applied
as vapors: formic acid, acetic acid, valeric acid, hydrochloric
acid, nitric acid, ammonium hydroxide, allyl-isothiocyanate,
ethanol, isobutanol, pentanol, octanol, methanal, isobutanal,
heptanal, octanal, citral, limonene, citronellal, linalool, men-
thol, oil of peppermint, hydroquinone, toluquinone, benzalde-
hyde, xylene, benzene, and carbon dioxide. Liver extract,
brain-heart extract, and several natural foods (e.g., decaying
meat) were also tested. Concentrations were not regulated.

RESULTS

The results of stimulation by vapors are summarized in Ta-
ble 1 and illustrated in Figs. 3 to 21. No responses were ob-
tained to vapors normally associated with food, i.e., carbon
dioxide, liver extract, brain-heart extract, and meat. Re-
sponses occurred only upon stimulation by vapors that would
be characterized as nonphysiological; but the presence, ab-
sence, and nature of response varied from one compound
to the next.

All of the acids caused an increase in the rate of firing of
the classical salt cell (Figs. 4, 8, 14, and 16). As the concen-
tration of vapor increased, the rate of firing increased. At
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Fia. 15. Baseline activity in largest labellar hair no. 2. Horizontal bar in Figs. 15-21 equals 0.1 sec.

Fr1e. 16. Response of hair no. 2 to vapor of formic acid.
Fias. 17-21. Responses to vapors of valeric acid, citral, limonene, benzene, and xylene, respectively.

high concentrations, the other three chemoreceptive cells
also responded (Fig. 17). Upon removal of the vapor, the
neural activity continued for as long as 10 sec when the stimu-
lating concentration had been high. All cells subsequently
returned to their basal rate of activity and responded nor-
mally to water, sugar, and salt. The classical salt cell was the
most sensitive.

None of the cells responded to ammonium hydroxide or
allyl-isothiocyanate, both of which are extremely irritating
to the mucous membranes of man.

The possibility that the cells were responding only to ex-
tremes of hydrogen ion concentration was ruled out by the
results obtained with various nonpolar compounds. In gen-
eral the nonpolar compounds inhibited the classical salt cell
(or failed to influence it in any way) and excited the water,
sugar, or fifth cell (Figs. 9, 11, and 18-21).

DISCUSSION

It is clear that concentrated vapors of several unrelated com-
pounds are capable of stimulating the gustatory receptors of
the blowfly. Obviously, these compounds pass from the vapor
state into solution at the dendritic terminal. Exactly what
fluid is involved remains a mystery. A sizeable exudate is
frequently observed on the tips of chemosensory hairs (Fig.

1). Stiirckow (5) views this exudate as a normal phenomenon
essential for the process of transduction. She has advanced
the working hypothesis that the substance is an acceptor—
donor type, the molecules of which develop a current flow
at the moment of absorption of stimulus molecules. Ex-
amination of a great number of labellar and tarsal hairs with a
scanning electronmicroscope revealed that the drops in ques-
tion seldom occur on tarsal hairs and are of sometime occur-
rence on labellar hairs irrespective of whether the hairs were
prepared by gold plating or examined fresh. Figs. 1 and 2
show examples of hairs with and without exudate.

It is inconceivable that the dendrites not be bathed in
fluid. Whether this is a monolayer or a copious exudate may
be unimportant. In any case, stimuli must pass into or through
a fluid enroute to the dendritic membrane. Vapors that do
stimulate presumably enter into solution or form a two-phase
liquid system with the exudate, which then brings them into
apposition with the neural membrane. The fact that polar
and nonpolar compounds and compounds of different solu-
bilities do stimulate and that different individual neurons
respond differently to any given compound suggests a pas-
sive nonspecific roll for the exudate.

The data in Table 1 indicate that the effectiveness or in-
effectiveness of a compound is not simply a function of its
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solubility in the fluid of the receptors. It is unlikely that in-
effectiveness derives from an inability to enter into solution
because compounds with similar solubility characteristics
may or may not stimulate (see xylene and benzene, Figs.
20 and 21, and formic acid and ammonium hydroxide). It
is equally clear that the effects observed cannot be attributed
solely to pH; that is, response is not a matter of abusing the
system with nonphysiological hydrogen ion concentrations.
Finally, not all compounds that affect the common chemical
sense of men and frogs stimulate the labellar hairs. In addi-
tion of ammonium hydroxide, allyl-isothiocyanate may be
cited as an example of ineffective ““irritants.”’

Considered together the foregoing facts indicate that the
sensitivity of labellar receptors to vapors is markedly specific.
When the patterns of response are analyzed, it is seen that
the different compounds elicit characteristic kinds of re-
sponses. Citronellal, for example, inhibits the salt receptor
and stimulates either the sugar or fifth receptor. Limonene
acts in a similar fashion, whereas citral stimulates the water
receptor. Isobutyraldehyde does not stimulate any receptor,
but when it is removed the salt receptor responds with a burst
of activity. Xylene is generally ineffective, but benzene stim-
ulates the water receptor and one other receptor.

All of the hairs tested were the largest type (6). Not all
responded alike to various vapors. This is consistent with
the fact that the hairs vary with respect to sensitivity. There
are also indications that with side-wall recording the sensitiv-
ity of a receptor to chemical stimulation is influenced by
the degree of stimulation that is introduced by the recording
electrode itself.

Certain aspects of these responses are reminiscent of the
electrical responses of olfactory receptors in which the basal
level of activity in the absence of stimulation may be raised
by some stimuli and decreased by others (7-10). In general,
the vapors of nonpolar compounds tend to inhibit activity
of the salt cell while the polar compounds tend to stimulate
this cell: The nonpolar compounds vary with respect to their
effectiveness on the nonsalt receptors. Some stimulate the
water cell; some stimulate the sugar or fifth cell; others in-
hibit. Still others that cause no demonstrable excitation or
inhibition do cause a marked off-effect in one or more re-
ceptors. The occurrence of off-effects in one or more cells
indicates that a given compound may affect receptors and
affect them differentially, even though no action potentials
are generated at the time of contact.

Off-effect, or rebound, in gustatory receptors of insects
was first reported by Morita and Yamashita (4), who showed
that the labellar hairs of the fly Calliphora generated action
potentials after stimulation with CaCl.. McCutchan (11)
reported similar effects in the tarsal chemosensory hairs of
Phormia. More recently, Goldrich (12) has shown that stim-
ulation of some labellar hairs of Phormia with water is fol-
lowed by a sharp burst of activity from the salt receptor. In
the case of CaCl, the salt receptor was hyperpolarized while
the solution was touching the dendrite and depolarized when
the solution was removed. Similar situations may prevail
when vapors cause inhibition and rebound.

The behavior of gustatory receptors with respect to con-
centrated vapors greatly resembles the behavior of olfactory
receptors toward odorous compounds. The resemblance raises
the possibility that the manner in which olfactory receptors
are excited and inhibited differentially is not specific to those
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systems but instead reflects a general characteristic of neurons.
Comparable phenomena appear in odd places. Arvanitaki
et al. (13) have shown, for example, that certain neurons in
the central nervous system of Aplysia react selectively to
“odorous” molecules by depolarizing or hyperpolarizing
and generating spike discharges of specific frequency-time
relationships. :

The initiation by vapors of action potentials in the con-
tact chemoreceptors of the fly indicates that information is
transmitted to the central nervous system. The fly does act
behaviorally on some of this information. When all known
olfactory receptors are extirpated, an intact fly responds to
vapors of formic acid, citronellal, etc., by aversive move-
ments of the proboscis (14, 15). When vapors are brought
close to the tarsi, tethered flies retract the legs. Although
the small size of tarsal chemosensitive hairs prevents elec-
trophysiological recording from any but the largest, records
from D hairs reveal a sensitivity to vapors comparable to
that characterizing labellar hairs. These findings suggest
that all the contact chemoreceptors of Phormia may behave
similarly, and offer an explanation of the function of contact
chemoreceptors that are located on areas of the body where
contact with solutions is normally unlikely. Wolbarsht and
Dethier (16) showed, for example, that Phormia possesses
on the costa of each wing a row of short hairs that generate
action potentials in response to the application of sodium
chloride. No function was proposed at the time. If these hairs
resemble labellar hairs in their sensitivity to vapors, they
might, in common with other contact chemoreceptive hairs
subserve the function of a common chemical sense. Since
flies are not likely to encounter concentrated formic acid,
etc. in nature, the adaptive value of this common chemical
sense remains an unanswered question.

This work was supported by Grant 1472 from the National
Science Foundation.

Meclndoo, N. E. (1914) J. Ezp. Zool. 16, 265-346.

Meclndoo, N. E. (1934) J. Morphol. 56, 445-475.

Dethier, V. G. & Chadwick, L. E. (1948) Physiol. Rev. 28,

220-254.

Morita, H. & Yamashita, S. (1959) Science 130, 922.

Stiirckow, B. (1970) in Advances in Chemoreception, eds.

Johnson, J. W., Moulton, D. G. & Turk; A. (Appleton-

Century-Crofts, New York), Vol. I, pp. 107-159.

Wilczek, M. (1967) J. Morphol. 122, 175-201.

Boeckh, J. (1962) Zeit. Vergl. Physiol. 56, 212-248.

Schneider, D., Lacher, V. & Kaissling, K-E. (1964) Zet.

Vergl. Physiol. 48, 632-662. )

Dethier, V. G. & Schoonhoven, L. M. (1969) Proc. 2nd. Int.

Symp. Insect and Host Plant. eds. deWilde, J. & Schoon-

hoven, L. M. (North Holland Publ. Co., Amsterdam-Lon-

don), pp. 535-543.

10. Kaissling, K.-E. (1971) in Handbook of Sensory Physiology,
Chemical Senses I. Olfaction, ed. Beidler, L. M. (Springer
Verlag, Berlin), Vol. IV, pp. 351-431.

11. McCutchan, M. C. (1969) Zeit. Vergl. Physiol. 65, 131-
152.

12. Goldrich, N. (1972) J. Gen. Physiol., in press. )

13. Arvanitaki, A., Takenchi, H. & Chalazonitis, N. (1967) in
Olfaction and Taste II, ed. Hayashi, T. (Pergamon Press,
London), pp. 573-598.

14. Saxena, K. N. (1958) Proc. Nat. Inst. Sci. India Part B, 24,
125-132.

15. Evans, D. R. (1961) J. Insect Physiol. 7, 299-304. )

16. Wolbarsht, M. L. & Dethier, V. G. (1958) J. Gen. Physiol.

42, 393-412.

o W

© oNS



