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Suppression of Odorant Responses by Odorants in transduction mechanisms. 

Olfactory Receptor Cells Here we report that odorants can suppress 
the inward transduction current in solitary 
newt olfactory receptor cells, an effect that 

Takashi Kurahashi,* Graeme Lowe, Geoffrey H. Gold provides a simple explanation for these 
seemingly unrelated phenomena. 

Odorants activate an inward current in vertebrate olfactory receptor cells:Here it is shown, Odorant suppression of the transduction 
in receptor cells from the newt, that odorants can also suppress this current, by a mech- current was shown by the application of a 
anism that is distinct from inhibition and adaptation. Suppression provides a simple ex- brief odorant pulse during a cell's response 
planation for two seemingly unrelated phenomena: the anomalously long latency of 01- to an ear1,ier pulse of the same odorant (Fig. 
factory transduction and the existence of an "off response" at the end of a prolonged 1A) (14). A single pulse of the odorant 
stimulus. Suppression may influence the perception of odorants by masking odorant amyl acetate caused a transient inward cur- 
responses and by sharpening the odorant specificities of single cells. rent that began with a latency of 280 ms 

(trace 1) (1 5). Such a response is typical of 
whole-cell recordings from vertebrate olfac- 
tory receptor cells (1-3). However, a sec- 

Odorants activate an inward (depolariz- model, nor are they observed in other ond odorant pulse that was timed to begin 
ing) membrane current, termed the trans- signal-transducing cells. Consequently, the at the peak of the response to the first pulse 
duction current, in vertebrate olfactory re- existence of these phenomena suggests fun- caused an immediate decrease in membrane 
ceptor cells (1 -3). This current is carried by damental differences between olfactory and current (trace 2; latency, 20 ms) . This 
second messenger-gated ion channels (4, 
5) that are activated by enzymatic cascades 
consisting of receptor proteins ( 6 ) ,  hetero- A Fig. 1. Suppression of an odorant 
trimeric guanosine triphosphate-binding ~ m y l  id acetate response by a pulse of odorant. 
proteins (G proteins) (7), and effector en- (A) Trace 1, response to a single 
zymes (8). However, these mechanisms 

O 

c pulse of amyl acetate (1 0 psi; 100 

cannot explain two prominent characteris- -loo 
ms in duration, starting at 0.5 s); 
trace 2, response to two pulses of 

tics of olfactory responses: their long laten- amyl acetate, the first pulse iden- 
cies, which can exceed 500 ms in amphib- PA 

tical to the pulse$ trace 1 and the 
ians and are only weakly dependent on 

0 2 
second starting af 1.2 s (10 psi, 

odorant concentration (9), and the tran- Seconds -30 -10 120 ms in duration). Holding po- 
sient, increase in membrane current after 0 , 30 tential, -40 mV. (B) The same 

the end of a prolonged stimulus, termed an B r n ~  experiment as in (A), repeated at 
"off response" (10-12). Models of the acti- the holding potentials indicated; 
vation kinetics of G protein cascades pre- t ,  (1.1 s) was the time at the peak 

dict minimum latencies of less than 50 ms o of the current indiced by the first 
pulse; t ,  (1.4 s) was the time at 

and a strong dependence of latency on -40[ maximal suppression. (C) Current- 
odorant concentration (1 3). Off responses voltage relations for the traces in 
are not predicted by the G protein cascade PA (B), measured at t ,  (triangles) and 

t ,  (circles). The curves are sec- 
I 

Monell Chemical Senses Center, 3500 Market Street, 0 2 ond-order regression. 
Philadelphia, PA 19104, USA. Seconds, 
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~ i g .  2. Suppression of odorant responses A Acetophenone B Acetophenone phase of the response, increasing the ap- 
by different odorants. In each panel, the 7 

~ m y l  acetate   my^ acetate parent latency. We tested this hypothesis 
first odorant pulse activated the trans- - 

by observing the effect of stimulus dura- 
duction current and the second odorant 

O [ T  -20:[-F- 

tion on response latency. Latency in- 
pulse caused suppression. (A) and (B) 
were from one cell; (C) and (D) were from -2w creased when we increased the duration of 

another. In each panel, the different odor- PA PA the stimulus by changing the duration of 
ants were delivered by different stimulus the odorant pulse (Fig. 3A) or by follow- 
pipettes having the same tip opening. In c D-Limonene D D-Limonene ing the odorant pulse with a pulse of 
(D), D-limonene caused a small transduc- Amy1 acetate Amy1 acetate odorant-free Ringer solution to remove 
tion current but no suppression; the the odorant more rapidly than by diffusion 
smaller size of the current increment, 

OIT - ; I T  alone (Fig. 3B) (1 9). These effects are the 
compared with the response in (C), may 

-4 00 
opposite of those expected from temporal 

be due to response saturation. 
PA 

integration of the stimulus (9) but support 
the hypothesis that much of the response 

o 2 o 2 latency is due to suppression of the trans- 
Seconds Seconds duction current by the stimulus itself (20). 

Furthermore, even the shortest latency in 
Fig. 3 (180 ms) may overestimate the true 

decrease was not a stimulation artifact, pression has been observed in vivo with latency of olfactory transduction, because 
because an identical pulse of odorant-free extracellular field recording (I I ) .  However, amyl acetate is hydrophobic and therefore 
Ringer solution had no effect on membrane the equivalence of this phenomenon to may have remained at a high concentra- 
current. The initial decrease in membrane suppression cannot be established from ex- tion in the cell membrane for some time 
current was followed by a more prolonged isting data. after the extracellular odorant concentra- 
increase that was presumably due to further We also tested whether one odorant tion was reduced. Previously, the long 
activation of the inward transduction cur- could suppress a response to another odor- latency of olfactory transduction and its 
rent by the second stimulus. ant. Amy1 acetate suppressed a response to weak dependence on odorant concentra- 

We investigated the ionic mechanism of acetophenone (Fig. 2A), acetophenone tion have been interpreted as evidence of 
the decrease in membrane current caused suppressed a response to amyl acetate (Fig. mechanistic differences between olfactory 
by the second odorant pulse by repeating 2B) (18), and amyl acetate suppressed a and other G protein-dependent transduc- 
the double pulse experiment at several response to D-limonene (Fig. 2C). Howev- tion mechanisms (9). Our data indicate 
membrane potentials (Fig. 1B). The trans- er, D-limonene did not suppress a response that existing latency measurements can- 
duction current (the peak amplitude of the to amyl acetate (Fig. 2D). Thus, suppres- not prpvide information about the trans- 
current caused by the first stimulus) and the sion can occur with some but not all of the duction mechanism unless odorant sup- 
decrement in current caused by the second odorants tested, and an odorant can sup- pression is taken into account (2 1). 
odorant stimulus both reversed at the same press a response to itself as well as a re- Odorant suppression also provides a 
membrane potential (Fig. IC), which indi- sponse to another odorant. likely explanation for the off response that 
cates that the decrement in current resulted The existence of odorant suppression can occur at the end of a prolonged 
from suppression of the inward current rath- provides a likely explanation for the odorant pulse (1 0-1 2), because the re- 
er than activation of an outward, or inhib- anomalo_usly long latency of the transduc- moval of suppression could cause a tran- 
itory, current. Consequently, we refer to tion current. In previous measurements, sient increase in membrane current. We 
this phenomenon as suppression to distin- the time course of the odorant stimulus tested this hypothesis by comparing the 
guish it from inhibition, which has been overlapped the rising phase of the trans- voltage dependence of the off response to 
demonstrated in lobster olfactory receptor duction current (1-3). Consequently, sup- that of the initial transduction current. A 
cells (16). Suppression also differs from pression could have attenuated the rising 5-s odorant pulse induced an inward cur- 
adaptation because adaptation develops rent that decayed initially because of ad- 
more slowly (1 7). An effect similar to sup- 

A Fig. 4. Off responses observed at 

A Amyl acetate the end of prolonged stimulation 
Ringer solution 

I with amyl acetate. (A) Trace 1, 
Amyl acetate Amyl acetate c current induced by a brief pulse 

O r -  -;;[% 4 . i F  

of amyl acetate (30 ms): trace 2, 

I , -!?! current induwd by a prolonged 
-100 pulse of amyl 'acetate (5 s). (B) 

PA PA 1 Responses to a long pulse of 

0 4 8 , I 2  amyl acetate (2 s) at the holding 
0 0.5 o 0.5 Seconds mV potentials indicated; t i  (2.4 s) was 

Seconds B the time at the peak of the initial o[G t1 

inward current; t, (3.6 s) was the Fig. 3. Effect of stimulus duration on the latency time at the peak of the off rel 
of the transduction current. (A) Effect of chang- sponse. (C) Voltage dependence 
ing the duration of the pressure pulse. Amyl 1 -30 mV of the inward current (triangles) 
acetate was applied to the cell for 50, 100, and -100 

PA I and of the off response (circles), 
200 ms, causing responses 1,2, and 3, respec- 

I -50 mV 4 measured as the current in (B) at tively. (B) Effect of accelerated odorant remov- -200 times t i  and t,, respectively. 
al. Trace 1, stimulation with a 100-ms pulse of 
amyl acetate followed immediately by a 100-ms 

0 2 4 6  
Seconds 

pulse of Ringer solution; trace 2, stimulation - ' 
with a 100-ms pulse of amyl acetate. Amy1 acetate 

SCIENCE VOL. 265 1 JULY 1994 



aptation (17) but increased transiently 
after the end of the stimulus (Fig. 4A, 
trace 2). A 30-ms odorant pulse induced a 
transient inward current that rose more 
rapidly and had a shorter latency (trace I ) ,  
presumably because the briefer stimulus 
caused less suppression. The voltage de- 
pendence of the off response was similar to 
that of the inward transduction current 
(Fig. 4, B and C), which indicates that 
the off response was caused by the removal 
of suppression that occurred during the 
long odorant pulse. 

We have shown that suvvression of the . . 
transduction current is caused by some, 
but not all, odorants and that suppression 
occurs at the same odorant concentrations 
as those that cause transduction in single 
cells. Thus, suppression must be consid- 
ered in quantitative analyses of the trans- 
duction current, particularly when pro- 
longed stimuli are used to study adapta- 
tion. The mechanism or mechanisms of 
suppression are not revealed by our exper- 
iments. However, the shorter latency of 
suppression compared with that of the 
inward transduction current suggests that 
suppression is due to a direct effect of 
odorants on ion channels or on second 
messenger metabolism, rather than to an 
effect on olfactory receptor proteins. Tra- 
ditionally, olfactory transduction has been 
viewed solely in terms of receptor protein- 
mediated effects that occur at threshold 
odorant concentrations. However, the ex- 
istence of suppression emphasizes the fact 
that olfactory transduction, when studied 
electrophysiologically or behaviorally, re- 
flects all mechanisms by which odorants 
can affect membrane potential. 

It is likely that suppression occurs in 
vivo, because the effects described here on 
isolated receptor cells are similar to those 
apparent in extracellular field recordings 
in vivo (1 0, 1 1, 2 1). Therefore, suppres- 
sion may influence the perception of odor- 
ants. For example, suppression could im- 
prove odorant discrimination by preferen- 
tially attenuating small responses generat- 
ed in cells that are relatively insensitive to 
a particular odorant (20). Suppression 
may also contribute to odor masking (22) 
because it enables one odorant to attenu- 
ate responses to other odorants. 

REFERENCESANDNOTES 

1. T. Kurahashi, J. Physiol. (London) 419, 177 
(1 989) 

2. S. Firestein and F. Werblin, Science 244, 79 
(1989). 

3. G. Lowe and G. H. Gold, J. Physiol. (London) 442, 
147 (1991). 

4. Cyclic nucleotide-gated channel: T. Nakamura 
and G. H. Gold, Nature 325, 442 (1987); N. 
Suzuki, in Chemical Senses, J. G. Brand, J. H. 
Teeter, R. H. Cagan, M. R. Kare, Eds. (Dekker, 
New York, 1989), vol. 1, pp. 469-493; S. S. 
Kolesnikov, A. B. Zhainazarov, A. V. Kosolapov, 
FEBS Lett 266, 96 (1990); T. Kurahashi, J. Phys- 
iol. (London) 430, 355 (1990); S. J. Kleene and R. 
C. Gesteland, J. Membr Biol. 120, 75 (1991); S. 
Firestein, F. Zufall, G. M. Shepherd, J. Neurosci. 
11, 3565 (1 991); T. Kurahashi and A. Kaneko, 
Neuroreport2, 5 (1991); S. Frings, J. W. Lynch, B. 
Lindemann, J. Gen. Physiol. 100, 45 (1992); R. H. 
Kramer and S. A. Siegelbaum, Neuron 9, 897 
(1992); G. Lowe and G. H. Gold, J. Physiol. 
(London) 462, 175 (1993). The inositol trisphos- 
phate-gated channel: D. Restrepo, T. Miyamoto, 
B. P. Bryant, J. H. Teeter, Science 249, 1166 
(1990). The Ca2+-activated CI- channel: S. J. 
Kleene and R. C. Gesteland, J. Neurosci. 11, 
3624 (1 991); S. J. Kleene, Neuron 11, 123 (1 993); 
G. Lowe and G. H. Gold, Nature 366, 283 (1 993). 

5. T. Kurahashi and K.-W. Yau, Nature 363, 71 
(1 993). 

6. L. Buck and R. Axel, Cell 65, 175 (1991); K. 
Raming et al., Nature 361, 353 (1993). 

7. R. R. H. Anholt etal., Biochemistry26, 788 (1987); 
D. T. Jones and R. R. Reed, Science 244, 790 
(1 989). 

8. U. Pace, E. Hanski, Y. sa~ombn, D. Lancet, Nature 
316, 255 (1985); S. G. Shirley, C. J. Robinson, K. 
Dickinson, R. Aujla, G. H. Dodd, Biochem. J. 240, 
605 (1986); P. B. Sklar, R. R. H. Anholt, S. H. 
Snyder, J. Biol. Chem. 261, 15538 (1986); H. A. 
Bakalyar and R. R. Reed, Science 250, 1403 
(1990); T. Huque and R. C. Bruch, Biochem. 
Biophys. Res. Commun. 137, 36 (1986); 1. 
Boekhoff, E. Tareilus, J. Strotmann, H. beer, 
EMSO J. 9, 2453 (1990). 

9. S. Firestein, G. M. Shepherd, F. S. Werblin, J. 
Physiol. (London) 430, 135 (1 990). 

10. S. F. Takggi and T. Shibuya, Nature 184, 60. 
(1959); T. Shibuya, Jpn. J. Physiol. 10, 317 (1960); 

, S,. F. Takagi and T. Shibuya, ibid., p. 385. 
1.1. R. C. Gesteland, J. Y. Lettvin, W. H. J. Pitts, J. 

Physiol. (London) 181, 525 (1 965). 
12. T. Kurahashi and T. Shibuya, Zool. Sci. (Tokyo) 6, 

19 (1 989). 
13. T. D. Lamb and E. N. Pugh Jr., Trends Neurosci. 

15, 291 (1992); E. N. Pugh Jr. and T. D. Lamb, 
Biochim. Biophys. Acta 1 141, 1 1 1 (1 993). 

14. Odorant-induced currents were recorded in the 
whole-cell configuration from solitary olfactory re- 
ceptor cells from the newt (Cynopspyrrhogaster). 
All experimental manipulations were as described 
( I ) ;  soluti0.n~ were as described in (5 ) ,  except 
that the Ringer solution contained 90 mM NaCI. 
The holding potential was -50 mV unless indicat- 
ed. otherwise. The odorants were applied to re- 
ceptor cells by pressure ejection from a micropi- 
pette (pressure 10 psi unless indicated other- 
wise). All pipette solutions contained the specified 
odorant at a concentration of 0.5 pllml. The odor- 

ant concentration at the cell surface was estimat- 
ed to be less than one tenth the concentration in 
the micropipette (2). In all figures, traces super- 
imposed on a single baseline were obtained from 
the same cell. All figures illustrate experiments 
carried out in triplicate. 
Latency is defined as the time interval between 
the beginning of the pressure pulse and a definite 
change in current away from the baseline. 
An odorant-activated inhibitory conductance has 
been demonstrated in lobster olfactory receptor 
cells pN. C. Michel, T. S. McClintock, B. W. Ache, 
J. Neurophysiol. 65, 446 (1 991)l. Hyperpolarizing 
odorant responses have also been reported in 
vertebrate species ( 1  1 )  [T. V. Getchell and G. M. 
Shepherd, J. Physlol. (London) 282, 541 (1978); 
V. E. Dionne, J: Gen. Physiol. 99, 415 (1992)l; 
however, the ionic mechanisms of these respons- 
es were not determined, so it is not certain wheth- 
er they reflect inhibition or suppression. 
T. Kurahashi and T. Shibuya, Brain Res. 515, 261 
(1990); F. Zufall, G. M. Shepherd, S. Firestein, 
Proc. R. Soc. London Ser. B246, 225 (1991). 
The smaller secondary rise in current that was 
caused by acetophenone presumably reflected 
the smaller transduction current induced by this 
odorant (Fig. 2, A anri B). 
As expected from the fact that o-limonene did not 
cause suppression (Fig. 2D), the latency of 
o-limonene responses was  relative!^ short (150 
ms) and was comparable to the shortest latency 
observed for an amyl acetate stimulus when the 
stimulus was removed by a pulse of Ringer solu- 
tion (Fig. 38). 
The increase in response latency indicates that 
suppression of the transduction current is nonlin- 
ear, with small currents being attenuated more 
than large currents. 
In previous studies on salamanders, increasing the 
odorant concentration had variable effects. on la- 
tency, depending on the experimental preparation. 
For in vivo extracellular single-unit recordings, a 
decrease in latency was observed [T. V. Getchell 
and G. M. Shepherd, J. Physiol. (London)282,521 
(1978)l; for recordings of extracellular field poten- 
tial, the latency decreased over a lower odorant 
concentration range then increased over a higher 
odorant concentration range [A. H. Arzt, W. L. 
Silver, J. R. Mason, L. Clark, J. Comp. Physiol. A 
158, 479 (1986), figure 51; for whole-cell record- 
ings on dissociated receptor cells, the latency 
remained approximately constant in one study (9) 
but decreased in another study [S. Firestein, C. 
Picco, A. Menini, J. Physiol. (London) 468, 1 
(1993)l. These diverse effects can be understood 
by considering the opposing effects of increasing 
odorant concentration on the latency of second 
messenger production and on suppression. The 
sensitivity of the cells and the absolute odorant 
concentration will determine which effect will dom- 
inate or whether they will mutually cancel. 
W. S. Cain, Chem. Senses Flavour I ,  339 (1975). 
We thank B. G. Green for helpful discussions 
concerning odor masking and G. K. Beauchamp, 
L. M .  Masukawa, and E. N. Pugh Jr, for critical 
comments on the manuscript. Supported by a 
grant from NIH and a fellowskj~frorn the Monell 
Chemical Senses Center to T.K. 

22 December 1993; accepted 26 April 1994 

SCIENCE VOL. 265 1 JULY 1994 




